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1 GENERAL INTRODUCTION 
1.1 Thesis Introduction 
Batteries consist of three main parts, an anode, cathode, and electrolyte. They work 
by converting chemical energy in the anode and cathode in the form of electrochemical 
potential between anode and cathode materials, to electrical energy. When the battery can be 
recharged by the reverse process (converting electrical energy into chemical energy), it is 
called a secondary or rechargeable battery. Since the energy density and voltage of a battery 
depends significantly on the electrode materials, various secondary batteries have been 
discovered based on the different electrode materials [1,2]. A few such examples are shown 
in Table 1.1. 
Among these, lithium batteries has been generally characterized by a high cell voltage 
(~4 V) and the largest specific energy (3862 mAh/g) as shown in Table 1.1 and Fig. (1.1). In 
these batteries, lithium is used as the anode and is the lightest and most electropositive metal 
(see Appendix A). Due to its many potential advantages, much effort has been expended to 
develop rechargeable lithium batteries for use in a wide variety of applications. However, 
commercialization of rechargeable lithium batteries using pure lithium anodes has failed 
because of the reactivity of lithium with the liquid electrolytes that are used in these batteries 
and this leads to numerous serious safety problems [3], 
Lithium "dendrites" are formed on the lithium metal, gradually grow through the 
electrolyte, and ultimately contact the positive electrode during charging and discharging 
cycles [4], This causes an internal short circuit in the battery, which rises the temperature of 
flammable liquid electrolyte and leads to the explosion. In addition, since lithium is 
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thermodynamically unstable in contact with most liquid organic electrolytes, the passivated 
reaction layer between lithium and electrolyte is formed and grow while cycling and thereby 
dramatically reduce the battery's capacity [4]. 
Given these problems, solid polymer electrolytes for lithium batteries have been 
considered as an alternative solution for having a safety advantage over the organic liquid 
electrolytes due to their lower chemical reactivity with lithium metal and the absence of a 
volatile and flammable organic solvent [5], However, similar to liquid electrolytes, most 
organic polymer electrolytes also tend to form non-conducting reaction layers at the 
lithium/polymer electrolyte interphase [6, 7], The interfacial reaction layer grows with 
cycling and its resistance reaches as high as 10 kfi/cm [8]. This reaction layer consists of the 
inorganic reduction products of polymer electrolyte and its impurities from the reactions of 
lithium with water, other impurities, and the salt anions [9], 
The growth of interface reaction layers can be reduced by replacing Li metal anodes 
with graphite or other lithium alloys anodes that are less reactive with liquid organic and 
solid polymer electrolytes. As a result, graphite is among the most commonly used anode 
material for lithium rechargeable batteries in commercial market due to its excellent capacity 
cycleability [10]. However, graphite's low working capacity (-372 mAh/g, see Appendix B) 
compared to that (-3862 mAh/g, see Appendix B) of lithium metal has limited its use in high 
energy density storage batteries for use in developed electronic devices [11]. Therefore, 
finding a suitable electrolyte for a lithium metal anode is one of the keys to creating high 
energy Li metal batteries. 
The basic requirements [12] of a suitable electrolyte for lithium secondary batteries 
are good ionic conductivity (> 10~4 S/cm) to minimize internal resistance of the cell and low 
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electronic conductivity (< 10"10 S/cm) to prevent self discharge of the cell, unit transference 
number of Li+ to limit concentrated polarization which can be produced by other cations and 
anions in electrolyte, wide electrochemical voltage window up to 5 V, small temperature 
dependence of the ionic conductivity, and chemical stability in contact with electrode 
materials. Inorganic solid Li-ion conducting materials have been considered as one of the 
more promising electrolytes for lithium batteries because of the following advantages over 
liquid and organic polymer electrolytes [13]. 
(1) Only the Li+ ions can be used to provide the ionic conductivity in Li-battery solid 
electrolytes. Other cations (for example Ge4+) and anions (such as O2") work to create a 
network in the structure. Hence, the polarization produced by anodic concentration 
gradients and other side reactions in the electrolytes can be eliminated. This leads to 
excellent capacity retention of battery and also allow it operate at higher voltages. 
(2) A negligible electronic conductivity (< 10"12 S/cm) of the inorganic solid electrolyte 
prevents self-discharge of the battery and make it valuable for long time use (months or 
years). 
(3) Good thermal stability of inorganic solid electrolytes can provide the battery with a broad 
operating temperature range. The ionic conductivities of inorganic solid electrolytes are 
typically lower than liquid electrolytes and some of polymer electrolytes; ~10"' S/cm for 
liquid electrolytes, ~10"3 to 10"6 S/cm for organic polymer electrolytes, and ~10"3 to 10"8 
S/cm for glass and ceramic solid electrolytes at room temperature. However, these are 
generally very stable in a wide temperature range (-40 to 250 °C) as shown in Fig. (1.2). 
(4) A dense and hard surface of inorganic solid electrolyte can minimize the growth of 
lithium dendrite and reaction layer between electrode and electrolyte. 
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For these reasons, inorganic solid materials with the high ionic conductivity of ~ 10"3 
to 1 (r4 (S/cm) have intensively been studied to develop solid-state lithium batteries using 
these electrolytes [14-17]. Solid inorganic electrolytes are generally separated into 
crystalline and glassy electrolytes. Although crystalline electrolytes include the strongest and 
most stable materials, they require precise control of composition, structure, and preparation 
conditions. In addition, they must be used as polycrystalline ceramics because single crystals 
would be too expensive for most applications. The conductivities of polycrystalline 
electrolytes (> 10"6 S/cm) are generally too low to use them for applications due to grain 
boundary resistance [18]. Glassy materials, in contrast, generally offer higher ionic 
conductivity because of physical isotropy with an absence of grain boundaries. Figure 1.3 
shows the temperature dependence of the ionic conductivities of various glasses compared to 
those of single and polycrystals. In addition, wide composition flexibility and ease of 
fabrications into complex shapes allow ones to optimize the electrochemical properties [14, 
15]. Hence, since glassy solid materials have many advantages over poly crystalline ones, 
many researches have focused significant attention on glassy electrolytes. 
Among many lithium-ion conducting glasses, sulfide glasses such as the Lil + Lia S + 
P2S5 [19], Lil + Li?S + B2S3 [20], and Lil + Li^S + SiSi [21]systems exhibit the highest ionic 
conductivities, typically more than 10"3 S/cm at room temperature. Lithium batteries using 
these sulfide glasses as electrolytes have been fabricated and their electrochemical properties 
have been investigated [22, 23]. However, it has been found that Lil-doped sulfide glasses 
were unstable in contact with Li metal used as an anode so that the decrease in the cell 
performance occurred on repeated charging and discharging cycling. 
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Therefore, several directions have been explored to search for glasses with high 
stability in contact with Li metal combined with a high ionic conductivity. It was recently 
discovered that small amounts of lithium oxysalts, LixMOy (LixMOy = Li3P04, Li4SiO4, 
LisBO], Li4Ge04) doped into the Li^S + SiSz glass system increased its ionic conductivity by 
almost one order of magnitude and additionally was effective in increasing the 
electrochemical stability toward Li metal anode [24, 25]. These oxy-sulfide glasses have 
been considered as one of the most suitable candidate solid electrolytes for rechargeable Li 
batteries. While this conductivity and physical property improvement is important to the 
battery application of these glasses, there has yet to be a definitive study of this anomalous 
conductivity increase in these glasses. It is not clear, for example, whether the added 
oxysalts work to increase the total number of cations in the glass or whether it works to 
increase their mobility, or perhaps both. It is to the problem, therefore, that the current 
project is directed. 
1.2 Proposed Research 
Numerous studies of the ionic conductivities in oxide doped chalcogenide glasses 
have shown the anomalous result that the ionic conductivity actually increases significantly 
(by more than a factor of 10 in some cases) by the initial addition of an oxide phase to a pure 
sulfide glass such as LixMOy (LixMOy = Li3P04, Li4Si04, Li3B03, Li4Ge04) doped into the 
Lia S + SiSa glass system [23-25]. Since no conclusive understanding has been given yet for 
the true origin of this behavior, this study goes on to develop a theory that explains the 
anomalous conductivity increase in the oxy-sulfide glasses. Our study here is to use simper 
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oxide additions where we simply substitute oxygen for sulfur without adding any Li cations 
to the glass so that if the conductivity does increase, then the added complication of an 
increasing number of alkali cations is mitigated and the conductivity increase can be more 
completely and thoroughly understood on the basis of purely structural (mobility) changes to 
the glass. 
Among many possible sulfide glass network formers to choose from for this study, 
such as SiS2, GeS2, B2S3, and P2S5, GeS2 glass has been chosen as the primary glass former 
for our investigation. This glass former can be used to create ionic glasses with high 
conductivity, and it is also not hygroscopic while the other glass formers are extremely 
unstable in air. For example, Li2S + SiS2 glass is extremely unstable in ambient air due to 
the high chemical reactivity of SiS2 which decomposes to Si02 and generates poisonous H2S 
gas so that the weight loss is significantly decreased when it was exposed to air as shown in 
Fig. (1.4). In contrast, GeS2-based glasses such as Li2S + GeS2 + Ga2S3, Li2S + GeS2 + 
La2S3, and Li2S + GeS2 + Ge02 glasses remained stable in weight without immediately 
noticeable changes [26]. Hence, this latter feature is not only improve the ease of handling 
these glasses in air, but also make them more practical candidates for future commercial 
utilization in Li batteries. 
Ge02 was added systematically to Li2S + GeS2 binary glasses rather than adding 
lithium oxides (e.g. Li3PC>4, L^SiO^ Li3B03, and, Li4GeG4). This substitution (substitutes S 
for O) doesn't change the overall Li+ concentration. The glass-forming region, and glass 
transition and crystallization temperatures were investigated as typical physical properties of 
these glasses. The structural changes to the base Li2S + GeS2 glass caused by the addition of 
Ge02 was analyzed using Raman and IR spectroscopy [27]. The ionic conductivities of 
7 
0.5Li2S + 0.5[(l-x)GeS2 + xGe02] glasses with increasing Ge02 content were investigated. 
Since the amount of Li+ ions in the glass was purposefully held constant with this 
substitution, the observed increase in the conductivity must be caused by purely structural 
changes in the glass. The relationship between the structural changes caused by the addition 
of Ge02 and ionic conductivities in 0.5Li2S + 0.5[(l-x)GeS2 + xGe02] glasses were 
correlated to determine the structural origin of the anomalous conductivity increase in these 
glasses. 
1.3 Thesis Organization 
This thesis is comprised of six chapters. The first chapter includes the research 
background information on high ionic conducting glasses and theories of ionic conduction in 
glass. 
The second chapter is a paper that discusses the effects of the addition of oxygen to 
the pure germanium sulfide glass on its structure and thermal and physical properties. 
Although the binary GeS2 + Ge02 system is not expected to exhibit any fast ion conductivity 
due to no dopant lithium sulfide, its examination provides for a better understanding of the 
more complex ternary Li2S + GeS2 + Ge02 glasses. The IR and Raman spectroscopy studies 
reveal that the mixed oxy-sulfide structural units, GeS3/20i/2, GeS2/202/2, and GeSv2C>3/2, by 
increasing Ge02 concentration into the GeS2 glass. 
The third chapter is a paper that investigates the structure and thermal and physical 
properties of Li2S + GeS2 + Ge02 glasses. It was found that the lithium ions favor the sulfur 
sites rather than the oxygen sites in the Li2S + GeS2 + Ge02 glasses so that germanium 
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tetrahedra with bridging oxygens and non-bridging sulfurs are formed as major structural 
units with the small GeO% addition to the bare O.SLizS + O.SGeSi glass. 
The fourth chapter of the thesis is a paper that develops a structural model to explain 
the origin of the anomalous ionic conductivity increase in the Li%S + GeSi + GeCb glasses 
based on previous studies of their structure and thermal and physical properties. The effect 
of added GeOz on the conductivity and its relationship to the local structures were studied. A 
slightly increasing "doorway" radius in the glass network by the initial addition of GeO% to 
the LizS + GeSz glass was proposed as a major cause of the anomalous ionic conductivity 
increase in these glasses. 
The fifth chapter of the thesis is a paper that investigates many other GeSa-based 
glasses to search for even high ionic conducting glasses (Od.c> ~104 S/cm at 25 °C) in the 
GeSz-based composition because the best ionic conductivity obtained in the LioS + GeSa + 
GeO% system could not reach 10"4 S/cm in the pelletized powder form. It is the powder form 
of these materials that are actually used as the solid electrolyte in all-solid state lithium 
batteries. Various GeS^-based sulfide and oxy-sulfide glasses were synthesized by melt-
quenching and mechanical milling methods and their ionic conductivities of bulk and 
palletized powder are compared and investigated. 
The final chapter covers the general conclusion of the thesis summarizing the 
progress this study has performed. 
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1.4 Background of the Research 
1.4.1 Ionically conductive glasses 
Much attention has been given recently to glassy electrolytes rather than crystalline 
electrolytes because a glass consists of a low structural organization with a high 
concentration of defects and lack of long range order, which produces much higher ionic 
conductivity than the equivalent crystalline compositions. Glasses also present several other 
advantages such as physical isotropy, no grain boundaries, large choice of compositions, 
better workability, ease to be fabricated into complex shapes or thin film, etc. as described 
above [28]. 
Many oxide and sulfide glasses have been synthesized in the search for novel glass 
electrolytes with a very high conductivity, chemical stability in contact with anode and 
cathode materials, and thermal stability in the environment. Many researches have focused 
on obtaining the highest possible conductivity. Consequently, models, such as the Anderson-
Stuart model [29] and weak electrolyte model [30] have been proposed to explain the 
observed composition dependence of the conductivity and these have been used to create 
better ion-conducting glasses. These main theories of ionic conduction in glasses will be 
reviewed briefly before summarizing the behaviors of various conductive glasses. 
1.4.1.1 Theories of ionic conduction in glasses 
Experimental measurements of the ionic conductivity of glasses show that it obeys 
the Arrhenius equation for temperatures below Tg [31]. 
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<70 
a = —- exp 
T 
0) 
kT 
y 
The conductivity of glasses can be expressed by Eq. (I) because the total conduction of a 
glass system is generally determined by the movement of a single ionic species, anionic or 
cationic [29]. In general, however, the total conductivity of a material is generally 
determined by summing all of the charge carrying species. 
<7 = Z  - e -n-H  (2) 
where Z is the valence of the cation, e is the fundamental unit of charge, n is the 
concentration of mobile ions, and is the ion mobility. 
The concentration of mobile ions (n) and the ion mobility (ji) are very efficient to 
measure them separately. The most general expression of the concentration (n) of mobile 
carriers is 
n(T) = N0 exp 
kT 
(3) 
where N0 is the total number of mobile cations and AEC is the creation energy of mobile 
carriers. The mobility of the ion (g) can be obtained from the diffusion coefficient using the 
Nernst-Einstein equation: 
where D(T) is the diffusion coefficient, k is Boltsmann's constant, and T is absolute 
temperature. In the case of involving independent jumps of carriers between two stable sites, 
the diffusion coefficient can be expressed by 
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D(T) = aÀ2v0 exp 
kT 
(5) 
where a is the degree of freedom, X is the distance the ion covers in a single jump, u0 is the 
frequency of jump attempts the ion makes, and AEm is the energy barrier that must be 
overcome in order for the jump process to take place (migration energy). 
Combining Eq. (4) and (5) results in: 
exp 
kT 
(6) 
Combining Eq. (2), (3), and (6) gives 
rrfn = 
AT 
exp 
(AEc + AEm ) 
kT 
(7) 
which corresponds to Eq. (1). The measured activation energy AEact shown in Eq. (1) is 
therefore the sum of the creation energy of mobile ions (AEC) and the migration energy of the 
ions (AEm), which is directly related to the concentration of mobile ions (n) and the ion 
mobility (|i), respectively. In addition, this activation energy mainly results in the variation 
of conductivity because the term Go is more or less constant (~102 S/cm-K) for most glasses. 
1.4.1.2 Anderson-Stuart model of the activation energy in glasses 
Anderson and Stuart (A-S) [29] suggested that the total activation energy, AEact, in 
ion conducting in glass is the result of two contributions. 
A2aa=AEg+AEs (8)  
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where AEg is the electrostatic binding energy and AEs is the strain energy. The electrostatic 
contribution, AEB, is the energy required to separate the mobile ion from its charge-
compensating site. For example, in the alkali oxide glasses, AEg is the energy required to 
separate the ion from the non-bridging oxygen to which it was bonded and move it half way 
to an adjacent non-bridging oxygen. The expression that A-S developed for the electrostatic 
bonding energy in alkali silicate glasses is: 
AE' - \  
zzy zzy ^  
r + r0 A/2 
(9) 
where y is a covalence parameter and found to be approximately equal to the relative 
permittivity Ze and Z0e are the electrical charges of the alkali and oxygen ions 
respectively, r and r0 are the ionic radii of the alkali and oxygen ions respectively, and X is 
the jump distance. 
A-S form of the strain energy, AEs, is the energy required to open up 'doorways' in 
the structure large enough for the ions to pass through, 
AES = Arc • GrD (r - rD f (10) 
where r is the cation radius, rD is the "doorway" radius in the glass, and G is the shear 
modulus. Therefore, the activation energy can thus be expressed by combining the binding 
energy and strain energy 
1 
7 
zz<y 
r  +  r 0  A / 2 
+ Aj t -Gr D { r - r D f  (11) 
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This model has been able to calculate the activation energy and to study its variation with 
composition in alkali silicate glasses [29]. It appears that the variation of AEB determines the 
AEact variation with compositions for small cations such as Li+ and Na+ [32] because the size 
of the alkali ions is very small and they become positioned in the interstices without greatly 
dilating the structure, which therefore does not require a large strain energy. Conversely, the 
strain energy AEs is the dominant factor for larger cation such as Rb+ and Cs+ where their 
atomic radii are much larger than typical doorway radii in glasses. 
1.4.1.3 Weak electrolyte model of d.c. conductivity in glasses 
The weak electrolyte theory was proposed by Ravaine and Souquet [30, 33] who used 
measurements of the activity in sodium silicate glasses to describe ion conducting energetics 
in glass. It was observed that the conductivity in Na20 + Si02 glasses increased with an 
increase in Na20 activity (a^ao)-
This relationship between ionic conductivity and thermodynamic activity was the basis of the 
weak electrolyte theory of ionic conductivity. Since similarities exist between glasses and 
liquids (weak electrolytes), the glass former and the modifier in glasses are then considered 
the solvent and the solute in these glasses, respectively. From the equilibrium dissociation of 
the modifier oxide exists in glass, conventional thermodynamics gives 
(12) 
N0.2O Na+ + ONa 
ft NalO ~~ ft NalO + RT \ïl CINa20 
~ju%„2o +RT\n[Na+][ONa~] 
NalO (13) 
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If it is considered that the activity coefficients are constant (ideal solution), the following 
relationship is obtained. 
[m+] = co%sf(aw,2o)'^ (14) 
Combining Eqs. (12) and (14) they concluded that 
<7 = const[Na+] (15) 
When this expression is compared to Eq. (2), n = [Na+] and |_i = constant. Therefore, Ravaine 
and Souquet concluded that Na+ ion mobility is independent of the alkali oxide content. The 
weak electrolyte theory suggests that the dissociated ions are the charge carriers that have 
sufficient energy to overcome the columbic attraction to the network-forming anion. The 
energy to dissociate the ions can thus be considered the activation energy. Therefore, the 
conductivity can be improved by decreasing the energy to dissociate the ions. This can be 
achieved by choosing more polarizable and larger anions such as S" and I" compared to O . 
From this idea, many sulfide glasses have been synthesized and have been showed to have 
higher conductivities [19, 21], 
The prediction of a constant mobility with composition from the weak electrolyte 
model and the small change in the network deformation energy predicted from the Anderson-
Stuart model, this suggests that the strain energy in a relatively constant function of 
composition. As a result, the larger contribution to the activation energy is thought to arise 
from the electrostatic binding energy in the Anderson and Stuart model and the dissociation 
energy in the weak electrolyte model, respectively. Therefore, the Anderson-Stuart and weak 
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electrolyte models lead to similar conclusions even though they are based on completely 
different approaches. 
Many different investigations have prepared many glasses with very high ionic 
conductivities. Different ways were explored and several strategies have been found for the 
design of highly conductive lithium glasses. 
(1) It was found that the conductivity increases with an increase in mobile lithium ion 
concentration in the binary oxide or sulfide glasses. [15] 
(2) Dissolving a lithium halide, LiX, where X is I", Br", and CI", in the oxide or sulfide 
glasses significantly improves the conductivity. [15] 
(3) Using several combinations of glass network formers often resulted in an enhanced 
conductivity compared to binary systems and is the so-called "mixed glass former 
effect". [34] 
(4) Small additions of oxides to binary sulfide glasses significantly improved the 
conductivity. [24] 
1.4.2 The design of high ionic conductivity glasses 
1.4.2.1 Variation of the ionic conductivity in binary glasses 
Lithium ion conductive glasses can be generally divided into two types, oxide and 
chalcogenide. The former glasses are formed by a network former such as SiO?, B2O3, or 
P2O5 and a network modifier such as LiaO for oxide glasses and the later by network former 
such as SiSa, GeSz, P2S5, or B2S3 and a network modifier such as Li2S for sulfide glasses. 
Lithium binary oxide and sulfide glasses have been studied extensively, for example Li2Q + 
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SiO? [35, 36], LizO + B2O3 [36, 37], LizO + P2O5 [38-41], LizS + P2S5 [19], LizS + GeSz [39, 
42], LizS + SiSz [21, 43], and LizS + B2S3 [44]. Figures 1.5 and 1.6 show the composition 
dependencies of the conductivity and activation energies for some typical binary oxide and 
sulfide glasses. 
As predicted by the weak electrolyte theory [30] and the Anderson-Stuart model [29], 
the substitution of sulfur for oxygen greatly reduces the bond energy between the lithium 
cation and sulfur anion and as a result of the greater polarizability of the sulfur the activation 
energy is thus reduced as shown in Fig. (1.6). Therefore, sulfide glasses exhibit much higher 
conductivities than their oxide counterparts as shown in Fig. (1.5). With a maximum LizX 
(X=0, S) content, the conductivity of sulfide glass (oz5°c ~ 10~4 S/cm) is two orders of 
magnitude as high as that of oxide glasses (ozs-c ~ 10"6 S/cm). 
It is observed that the conductivity of binary oxide and sulfide glasses increase 
considerably with an increase in the LizX (X = O or S) content, which arises from a similar 
decrease in the activation energy. Martin and Angell [45] suggested that the decrease in the 
activation energy (the increase in the conductivity) at high alkali fractions is obtained by 
shorter cation jump distances that are the result of the increased overlap of the coulomb 
energy domes that exist between sites because the jump distance (X) is related to the 
electrostatic binding as seen in Eq. (9). 
Since the structures of oxide and sulfide glass formers are very different, the glass 
structure will likewise be different as a function of Li2X (X = O, S) contents. These 
structural differences in these glasses produce very different jump distances (X.) in these 
different glasses, and so the conductivities of oxide glasses (or sulfide glasses) are different 
depending on glass formers at the low alkali fraction [32, 45]. However, the structures of 
these glasses become less and less different as the modifier content increases to higher values 
of Li2X (X = O, S), over 50 mol% Li2X because the structures become topologically 
comparable [32, 45]. As a result, the values of X become comparable, giving more similar 
values of AEact. Therefore, all the oxide and sulfide systems independently approach the 
same limit value o25»c = ~10"6 (S/cm) with AEact ~ 0.5 eV and o2$»c = -10 4 (S/cm) with AEact 
~ 0.3 eV, respectively, at very high modifier contents. 
1.4.2.2 High conductivity in lithium halide doped sulfide glasses 
Since it was found that adding LiF (F = I, Br, CI) content into LiPOg considerably 
improved the conductivity without causing it to crystallize [46, 47], dissolving lithium 
halides into other glass forming systems has been used to improve the ionic conductivity. 
The best conductivities obtained in the lithium sulfide binary glasses and doped lithium 
iodide glasses, respectively, are listed in Table 1.2. The conductivity increases about one 
order of magnitude in an all sulfide glass system when the Lil is added to binary sulfide 
glasses. The conductivity tends to reach a limit of about 10"3 (S/cm) and the activation 
energy decreases to a limit of about 0.3 eV. 
The Raman and IR spectra of these halides doped glasses suggest that iodide anions 
do not react with, but remain dissolved into the glass network [58] and in so doing introduce 
larger interstitial window radii into the glass structure which gives more open pathways for 
the Li ion mobility as shown in Fig. (1.7). Therefore, the enhancement of the conductivity 
would be the result of the "opening" of the structure which leads to a smaller strain energy 
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barriers with the increase in the number of mobile Li+ ions and also decreasing the coulombic 
binding energy due to Li+--I" interaction being weaker. 
1.4.2.3 Increase of the ionic conductivity in mixed glass former glasses 
When one glass former is replaced by another one and total modifier content is held 
constant, some families of glasses showed a non-linear enhancement of the conductivity 
versus composition, which is called a "mixed glass former effect". This effect concerns 
mainly glasses containing two network formers. The progressive replacement of one glass 
former by another can give rise to an increase in the conductivity and then it pass through 
one or even two maxima values. This effect has been mainly observed and studied in 
borophosphate glass series [48-50] where the total alkali was constant and P2O5 was 
substituted for B2O3. The enhancement of the conductivity was attributed to the appearance 
of BPO4 units as evidenced in the Raman and NMR spectra of these glasses [51, 52]. 
However, it is still not clear why the conductivity exhibits this behavior. 
Among a family of chalcogenide glasses, only the Li2S + SiS2 + GeSa glass system 
has been systematically investigated [15, 34, 53] and this system shows a maximum 
conductivity at intermediate value of mixing the two glass formers like lithium 
borophosphate glasses. Figure (1.8) shows the conductivity at room temperature and the 
activation energy as a function of alkali sulfide concentration in the glassy system 0.3 Lia S + 
0.7[(l-x)SiSa + xGeS2], It was observed that a sudden increase in the conductivity of about 
two orders of magnitude with a simultaneous decrease in activation energy for glasses with 
0.5 < x < 0.64. Pradel and co-workers proposed from the Raman and SAXS studies that such 
a conductivity maximum in the central region (0.5 < x < 0.64) is due to phase separation in 
19 
the glass, where one phase is close in composition to GeS2 and another phase is close in 
composition to Li2SiS3 [34, 53, 54]. The conductivity of the glass Li2SiS3 is about 10"4 
(S/cm) with 0.32 eV of activation energy. Therefore, an increase in the conductivity of a 
mixed glass former glass can be the result of an existing phase close in composition to 
Li2SiS3. This phase is thought to control the conductivity of the glasses in central region (0.5 
< x < 0.64). As in lithium borophosphate glasses, the investigation of the Li?S + SiS2 + GeS2 
system indicates that the enhancement of the conductivity due to the mixed glass former 
effect lies in forming a favorable structure for conductivity in the glasses. 
Hence, the mixed glass former effect appears to be a way of obtaining high 
conductive glasses without doping lithium halides. Therefore, mixed former glasses may 
have promising characteristics such as high ionic conductivity and wide electrochemical 
stability coupled with good chemical stability in contact with an anode metal. This is 
important when it is considered that addition of LiF to sulfide glasses are known to decrease 
the electrochemical stability of the host glass. 
1.4.2.3. Anomalous ionic conductivity increase in oxy-sulfide glasses 
It was first reported in 1992 that the doping of Li3PC>4 to the Li2S-SiS2 system 
enhanced the lithium ion conductivity and stabilized the lithium battery performance 
fabricated using these electrolytes [55]. It has been found that the addition of small amounts 
of lithium oxides such as Li^SiC^, Li3PC>4, Li3B03, and Li^GeC^ to pure lithium sulfide 
glasses not only improves the thermal stability against crystallization while maintaining or 
increasing the lithium ion conductivity over 10"4 S/cm, but also increases the electrochemical 
stability against lithium metal. [24, 25] Figure (1.9) shows the ionic conductivity at room 
temperature, G25»c, and activation energy, AEact, as a function of compositions for these 
systems. The 0.6Li2S + 0.4SiS2 glass exhibits a conductivity o25 value of ~10"4 S/cm. The 
addition of 5 mol% LixMOy (LixMOy = Ei^SiO^, IA3PO4, IJ3BO3, Li^GeO^) to the bare glass 
Li2S + SiS2 system leads to the maximum conductivity exceeding 103 S/cm for all the glass 
systems, where a minimum of AEact is also observed. This small addition of lithium oxy-salts 
also increases the Tc - Tg values (Tc is the crystallization and Tg is the glass transition 
temperature), which is a measure of the glass stability against crystallization. This behavior 
is shown in Fig. (1.10). A maximum in the Tc-Tg values is observed in most systems at the 
composition with 5% LixMOy, where the maximum of o25"c is also observed. However, the 
o25 and Tc-Tg values monotonically decrease with further additions of LixMOy while AEacl 
increase. Such improvements in the ionic conductivity and the thermal stability against 
crystallization are reported to be the result of the structural changes in small amount of oxide 
doped Li2S + SiS2 glass [24-26], However, no definitive understanding of these structural 
changes were obtained. 
The NMR and IR spectra of these glasses [24, 25, 57] suggest that the SiS4 tetrahedral 
unit with one bridging and three non-bridging sulfurs in the 0.6Li2S + 0.4SiS2 glass is 
transformed to the mixed oxy-sulfide S1OS3, Si02S2, and S1O3S structural units at 
progressively higher Li4Si04 contents in the 0.6Li2S + 0.4SiS2 glass. The SiOS3 tetrahedral 
units become the dominant structural units in the 5 mol% of Ei^SiC^ doped 0.6Li2S - 0.4SiS2 
glass in which the best ionic conductivity is observed. The added oxygen replaces the 
bridging sulfur to form bridging oxygens, so the silicon atom in this structural unit is 
coordinated with one bridging oxygen and three non-bridging sulfurs. This unique structural 
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unit is shown in Fig. (1.11). The further addition of lithium oxide leads to the formation of 
non-bridging oxygens that are known to strong Li+ ion traps, resulting in a decrease in the 
ionic conductivity. 
In the addition of 5 mol% of Li4Si04 to the O.6LA2S + OASiSi glass, the lithium ions 
are still coordinated to the non-bridging sulfurs so that the high conductivity of O.6U2S + 
OASiSa is not expected to significantly change. However, the conductivity actually increases 
and it is still not clear whether the added oxy-salts works to increase the total number of Li+ 
ions in the glass or whether it works to increase their mobility by the formation of favorable 
structural units for Li+ conduction. 
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Table 1.1. Voltages and energy densities for commercialized rechargeable batteries [1]. 
Battery Type Anode Cathode Voltage (V) 
Specific Energy 
(Wh/kg) 
Volumetric Energy 
(W-h/L) 
Lithium metal Li SOClz 3.7* 590* 1100* 
Lithium-ion LixCô Li[.xCo02 4.0 150 400 
Nickel-metal 
hydride Ni oxide MH 1.2 90 245 
Nickel-cadmium Ni oxide Cd 1.2 40 100 
Lead-acid Pb PbOz 2.0 35 70 
* These values are for primary lithium metal battery 
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Table 1.2. Maximum conductivity of lithium sulfide and Lil doped sulfide glasses 
Sulfide Glass System Max o25"c (S/cm) AEact (eV) Ref 
Li2S + B2S3 2.0*10^ 0.37 15, 44 
0.44LÎI + 0.30LÎ2S + O.26B2S3 1.7x10-3 0.30 20 
L12S + P2S5 3.0x10^ 0.39 19 
0.45LiI + 0.34Li2S + 0.21P2S5 1.5x10-3 0.31 19 
LizS + SiS2 5.0x10^ 0.36 21 
0.30LÎI + 0.42Li2S + 0.28SiS2 1.8x10-3 0.28 21 
Li2S + GeS2 4.0 xlO'S 0.51 42 
0.40LiI + 0.24Li2S + 0.36GeS2 1.2x10^ 0.47 58 
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Figure 1.1. Comparison of the gravimetric energy density and working voltages of 
rechargeable battery systems [1,2] 
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(°C) 
1000/T (K1) 
Figure 1.2. Variation of ionic conductivities with temperature for various liquid, polymer, 
and inorganic solid electrolytes. (1) Liquid electrolyte: Ethylene Carbonate / 
Dimethycarbonate - LiPF6, (2) Liquid electrolyte: Ethylene Carbonate / Propylene Carbonate 
- LiPF6, (3) Polymer electrolyte: PEO-dimethacrylate-Li[(CF3SC>2)2N]-PC 70%), (4) Polymer 
electrolyte: PEO-Li[(CF3 S02)2N] + 25% w/w PEG-dimethylether, (5) Low Tg combination 
polymer, (6) 0.67Li2S + 0.33P2S5 glass, (7) 0.35Li20 + 0.3LiS04 + 0.1(LiCl)2 + 0.125Si02 + 
0.125B203 glass, (8) Li4B40,2Cl crystalline, (9) 0.45LiI + 0.37Li2S + 0.18P2S5 glass, (10) 
0.44LiI + 0.30LI2S + 0.26B2S3 glass. 
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Figure 1.3. Arrhenius plot of ionie conductivities for various inorganic solid electrolytes. (1) 
0.45LÎI + 0.37LÎ2S + O.lSPzS; glass, (2) 0.67LÎ2S + 0.33P2Ss glass, (3)0.35Li20 + O.3U2SO4 
+ 0.1Li2Cl2 + 0.125Si02 + O.I25B2O3 glass, (4) 0.5Li20 + 0.5Nb203 glass, (5) Li3N single 
crystal, (6) Li3.6Po.4Sio.4O4 polycrystalline, (7) Li4Po^S4 polycrystalline, (8) LiAlSiC>4 
polycrystalline, (9) LiNb03 polycrystalline. 
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(1)0.4Li2S + 0.6GeS2 
(2) 0.5Li2S + 0.45GeS2 + 0.05Ga2S3 
(3) 0.5Li2S + 0.45GeS2 + 0.05Ge02 
(4) 0.5Li2S + 0.45GeS2 + 0.05La2S3 
(5) 0.4Li S + 0.6SiS 
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Figure 1.4. TGA measurements of the GeS2-based glasses tested in a dry air environment 
over 2 hour period and compared to that of the SiS2-based glass. 
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Figure 1.5. Comparison of conductivity variations with the composition for xLi2S + (l-x)F 
for F = B2S3, SiS2, GeS2, and P2S5 and xLi20 + (l-x)M for M = Si02, B203, and P2Os [15]. 
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Figure 1.6. Comparison of activation energy variations with the composition for xLi2S + (1-
x)F for F = B2S3, SiS2, GeSi, and P2S5 and xLi20 + (l-x)M for M = SiOz, B2O3, and P2Os 
[15]. 
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Figure 1.7. Distributed Li+ ions in the network structure of the pure sulfide glasses (a) and 
the addition of Lil to the pure sulfide glasses provides more open network for Li+ ion 
conduction with an increase in Li+ concentration, which increase the ionic conductivity by 
almost one order of magnitude (b). 
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Figure 1.8. Composition dependence of conductivity and activation energy in 0.3 Lia S + 
0.7[(l-x)SiS2 + xGeSz] glasses [34]. 
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Figure 1.9. Composition dependence of G25"c and activation energy (AEa) in (0.6LiaS + 
0.4SiS2) + x LixMOy (LixMOy = Li4Si04, Li3P04, Li3B03, Li4Ge04) glasses [24] 
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Figure 1.10. Composition dependence of the Tc - Tg values in (O.ôLiaS + 0.4SiS2) + x 
LixMOy (LixMOy = Li^SiO^ U13PO4, LigBOg, Li^CeO^) glasses [24] 
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Figure 1.11. Proposed structural unit in 0.95(0.6Li2S + OASiSi) + O.O5Li4SiO4 glass [24] 
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2 PREPARATION AND CHARACTERIZATION OF GERMANIUM 
OXY-SULFIDE GeS2 + Ge02 GLASSES 
A paper published in Journal of Non-Crystalline Solids 351 (2005) 1973-1979 
Youngsik Kim, Jason Saienga, and Steve W. Martin* 
Abstract 
Homogeneous germanium oxy-sulfide (l-x)GeS2 - xGeO? glasses were prepared 
from 0 < x < 1 by rapidly quenching melts to room temperature. The glass transition 
temperature (Tg) increased initially with small amounts of Ge02 up to x = 0.1, and remained 
constant over the range 0.2 < x < 0.8, and then Tg increased again at the end of glass forming 
range (x > 0.8). The change of the Tg with the germanium oxide concentration indicates a 
structural evolution of the glass matrix. Vibrational stretching modes of bridging Ge-S-Ge 
and Ge-O-Ge were observed in both the Raman and Infrared spectra. The bending modes of 
the S-Ge-0 linkage were also observed in the Raman spectra. From these measurements, it 
is suggested that the addition of GeO? to GeS? glass causes the transformation of GeS^ units 
to the mixed oxy-sulfide GeS3/20i/2, GeS^Oz#, and GeSi/203/2 structural units at 
progressively higher Ge02 contents. No evidence of phase separation was observed in these 
glasses all across the compositional range. 
Department of Materials Science & Engineering, Iowa State University, Ames, IA 50011 
* Author to whom correspondence should be directed 
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2.1 Introduction 
Due to the greater polarizability of sulfur than that of oxygen, sulfide glasses have 
been shown to exhibit high optical non-linearity and are therefore expected to be suitable for 
many photonic devices [1,2]. Also, since the large polarizability of sulfur produces weaker 
coulombic interactions with mobiles ions, these sulfide glasses doped with large amounts of 
alkali sulfides have exhibited fast ionic conductivity [3, 4], an important property for use of 
these glasses as electrolytes in batteries. Unfortunately, studies have shown that sulfide 
glasses have poor chemical durability so they tend to be chemically reactive with air and 
water [5]. However, mixed oxy-sulfide glasses have been considered as new non-linear 
optical materials that possess good chemical durability combined with high optical non-
linearity [6]. These general observations of the optical glasses have motivated a similar 
search for mixed oxy-sulfide glasses that may hold potential as chemically durable fast ion 
conducting (FIC) glasses for use in solid-state batteries. 
The germanium oxy-sulfide materials such as amorphous xMSH + GeOz + hH20 (x = 
2, 3, and 4; M = Na, K, Rb, and Cs) [7], Na2GeS2(0H)2-5H20 [8], and Na3GeS3(0H)-8H20 
[9] have been previously synthesized and the mixed oxy-sulfide structural units, (GeS30)4", 
(GeS202)4", and (GeS03)4', were observed in these materials. Similarly, boron oxy-sulfide 
binary glasses have been also found in the literature [10]. New structural units of BS2/20i/2 
and BSi/202/2 were obtained by substituting sulfur for oxygen in BS3/2 and B03/2 units in B2S3 
and B203 glasses, respectively. 
In this study, we have examined the combination of sulfide and oxide glasses in the 
germanium oxy-sulfide glass system. The addition of Ge02 to GeS2 glass may allow for a 
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glass composition that has both good chemical durability in contact with anode and cathode 
materials and good stability in air as well as exhibits fast ionic conduction when 
appropriately doped with alkali metal sulfides such as Li2S. Interestingly, to the best of our 
knowledge, the examination of the simple germanium oxy-sulfide binary GeSa + GeOa has 
not been reported in the open literature. While the binary system does not have any dopant 
alkali sulfide and as such is not expected to exhibit any fast ion conductivity, it is the 
simplest composition in the ternary system LiaS + GeSa + GeOa and as such its examination 
will provide for a better understanding of the more complex ternary glasses. We will report 
such ternary glasses in the future. 
The structural changes with the addition of GeOa to the GeSa glasses were 
systematically investigated using both Raman and IR spectroscopy. The presence of new 
structural units, GeSs/aOya, GeSa/aOa/a, andGeSyaOs/a, as evidenced by symmetric stretching 
modes of bridging Ge-S-Ge and Ge-O-Ge bonds, is suggested in the oxy-sulfide glasses. 
Based on these germanium oxy-sulfide glasses, LiaS doped germanium oxy-sulfide glasses 
will be synthesized for solid electrolytes in the future. No evidence of phase separation was 
observed over the full composition range. 
2.2 Experimental Methods 
2.2.1 Preparation of the glasses 
Vitreous GeS2 was prepared by mixing and reacting stoichiometric amounts of 
germanium (Cerac, 99.999%) and sulfur (Cerac, 99. 999%) in an evacuated silica tube. The 
silica tube was rotated at an angle of-10° in a tube furnace and heated at 1 °C/min to 900 °C, 
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held for 8h, and then quenched in air. Vitreous Ge02 was prepared by melting crystalline 
Ge02 (Cerac, 99.999%) powders for 1 h at 1400 °C in a platinum crucible and then air 
quenched to room temperature. 
Germanium oxy-sulfide glasses were prepared from appropriate amounts of GeS2 and 
Ge02 in 2 g batches and loaded into a dried silica tube inside a high quality oxygen- and 
water-free glove box (< 0.1 ppm 02 and < 0.3 ppm H20). The silica tube then was sealed 
under vacuum and was heated at a rate of 3 °C/min to temperatures ranging between 900 °C 
and 1200 °C for lh after which the silica tube was removed from the furnace and allowed to 
air cool at room temperature. Glass formation was qualitatively determined by visually 
observing a transparent yellowish color. 
2.2.2 X-ray diffraction 
The powder x-ray diffraction data for finely ground samples were collected at 298 K 
on a Scintag XDS2000 diffractometer using Cu Ka radiation (1 = 1.5406 A). It was operated 
at 40 kV and 30 mA in the 26 range of 10° - 70° in continuous scan mode with step size 
0.03° and scan rate 2.0 (deg/min). 
2.2.3 Differential scanning calorimetry (DSC) 
Glass transition temperatures were measured using a Perkin Elmer Pyris Diamond 
Differential Scanning Calorimeter (DSC). Between 15 mg and 20 mg of each powder 
sample was loaded into an aluminum pan and hermetically sealed under dry nitrogen. The 
samples were heated at a rate of 20 °C /min from 50 to 550 °C, cooled at 20 °C /min from 
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slightly above Tg, and then reheated at 20 °C /min up to and slightly above Tg under a 
nitrogen gas flow of 20 cmVmin, after stabilizing at 50 °C for lmin. 
2.2.4 Raman spectroscopy 
The Raman scattering spectra were collected at 298 K with a Renishaw in Via 
spectrometer using the 488 nm line of the Ar+ laser with 50 mW of power. The instrument 
was calibrated using an internal silicon reference, and the bands were reproducible within ±1 
cm"1. Small bulk samples were placed into a small cup-like sample holder and then covered 
with clear amorphous tape to prevent exposure to air. 
2.2.5 IR spectroscopy 
The mid- and far-infrared absorption spectra were recorded in the range of 4000 - 400 
cm"1 and 750 - 150 cm"1, respectively, with the use of a BRUKER ISS 66 V/s spectrometer. 
The IR spectra of the samples were taken using the Csl pellet method. Two mg of each 
sample were ground with 100 mg of Csl into a fine powder and pressed into pellets for 
transmission. The IR spectra typically were obtained using 32 scans at 4 cm"1 resolution. 
2.3 Results 
2.3.1 Glass-forming regions 
Homogeneous germanium oxy-sulfide glasses were synthesized over the full range 
in the (l-x)GeS2 + xGe02 system where x = 0.0, 0.1, 0.2 0.4, 0.5, 0.6, 0.8, and 1.0. The 
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glasses (0 < x < 0.8) were prepared under anhydrous conditions in sealed silica tubes by air 
quenching from melting temperatures between 900 and over 1100 °C. For preparation of the 
oxy-sulfide glasses with x = 0.6 and 0.8, the batches were heated at 1100 °C to allow 
complete reaction and melting due to the high melting temperature of Ge02 (1116 °C). This 
temperature is close to the glass transition temperature of the silica tube (1177 °C) and as a 
result, the glasses physically adhered to the silica tube. Figure 2.1 shows the optical 
micrograph of the 0.2GeS2 + 0.8Ge02 glass in contact with Si02 glass tube. A reaction layer 
is not observed in the interface between the glass and Si02 tube. The Raman spectra show 
that the spectra on each side are completely different in shape and intensity; the spectra on 
(1), (2), and (3) spots are later determined as the vibration modes of GeSi/2C>3/2 units and the 
spectra on (4), (5), and (6) spots are result of vibration modes of SiC>4/2 units and agree with 
those of Si02 glass in the literature [11]. All these results show no evidence of reaction with 
the silica tubes. In addition, the identical Raman spectra of three spots, (1), (2), and (3), on 
the 0.2GeS2 + 0.8Ge02 glass suggest the homogeneity of the glass with one glass transition. 
Homogeneity of the other oxy-sulfide glasses is also investigated by using Micro 
Raman spectroscopy besides measuring glass transition temperature. For example, Figure 
2.2 shows the optical micrograph of the 0.4GeS2 + 0.6Ge02 glass and the Raman spectra on 
each numbered spot (diameter: 1-2 |im). Phase separation is not observed in this glass. The 
Raman spectra on nine different spots of the glass show almost identical shape and intensity, 
which strongly support the homogeneity of the glass. The presence of crystallization of oxy-
sulfide glasses is investigated by powder x-ray diffraction as shown Fig. (2.3). The only two 
broad humps appeared at -15° and -30". These broad peaks indicate that there is no 
detectable amount of crystallization in these glasses. 
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2.3.2 DSC thermograms 
DSC was used to characterize the glass transition onset temperatures of the (1-
x)GeSz + xGeO? glasses. The DSC thermograms of the germanium oxy-sulfide glasses are 
shown in Fig. (2.4). A summary of the glass transition onset temperatures is given in Table 
2.1. Figure (2.5) shows that the glass transition temperature increases by the addition of 
GeC>2 content up to x = 0.1, then remains almost constant for 0.2 < x < 0.8. The Tg sharply 
increases again at the end of the glass forming range due to the higher Tg of GeCK 
2.3.3 Raman Spectroscopy of the glasses 
The Raman spectra of (l-x)GeS^ + xGeCh glasses are shown in Fig. (2.6). Structural 
studies of GeS^ and GeOo glass by Raman spectroscopy have been reported in the literature 
and have shown that each glass is built up from tetrahedral units of GeS^ and GeO^, 
respectively [11-14], For the germanium sulfide glass, the peak at -341 cm"1 is attributed to 
the symmetric stretching mode of bridging Ge-S-Ge bonds. The broad band at 110 cm"1 is 
assigned to the bending modes of Ge-S-Ge bonds [12, 13]. The strong peak at ~ 416 cm"1 in 
the germanium oxide glass is assigned to the symmetric stretching modes of bridging Ge-O-
Ge bonds and a weak band at 860 cm"1 is assigned to the asymmetric stretching modes of 
bridging Ge-O-Ge bonds, which is observed as a high intensity peak in the IR spectra [11, 14, 
15]. 
When GeC>2 is added to GeSi glass, the bridging sulfur band at -341 cm"1 decreases 
in intensity while the bridging oxygen band is getting stronger. The bridging oxygen band 
appears at -385 cm"1 as a shoulder in the compositional range of 0.2 < x < 0.5 and is 
overlapped with the bridging sulfur band giving one broad peak in the range of 0.6 < x < 0.8. 
In addition, both bridging sulfur and oxygen bands shift to higher wavenumbers with the 
increase in Ge02 concentration. For the glasses with x > 0.2 GeO? concentration, a new band 
at ~ 253 cm"1, which is not observed in either pure vitreous GeS2 or GeOa, appears at x = 0.2 
and becomes a prominent feature at intermediate GeOz (x ~ 0.5) concentrations. 
2.3.4 IR absorption Spectroscopy of the glasses 
Figure (2.7) gives the IR spectra for the (l-x)GeSi + xGe02 glasses. In the IR spectra 
of pure vitreous GeS2, the strong vibrational band observed at 379 cm"1 has been attributed to 
the asymmetric stretching modes of the bridging Ge-S-G bonds and the weak bands at 152 
cm"1 originated from the bond bending modes [16, 17]. For pure vitreous Ge02, the strong 
band at 854 cm"1 was assigned to the asymmetric stretching modes of bridging Ge-O-Ge 
bonds and the weak bands at 578 and 278 cm"1 were attributed to the symmetric stretching 
modes of bridging Ge-O-Ge and the bending modes of O-Ge-O bonds, respectively [15]. 
The addition of Ge02 to GeS2 glass leads to a monotonie increase in the intensities of 
the bands belonging to the Ge02 glass network and a decrease in the intensities of the bands 
attributed to the GeS2 glass network. The asymmetric stretching mode of Ge-S-Ge at 379 
cm"1 shifts to higher wavenumbers with the increase in Ge02 concentration. In a similar way, 
the asymmetric stretching mode of the Ge-O-Ge unit at 854 cm"1 shifts to lower 
wavenumbers with increasing GeS2 concentration in the Ge02 glass. The new and weak 
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band is observed at 221 cm"1. No other bands are observed in the IR spectra other than those 
mainly related to pure vitreous GeSa and GeOi. 
2.4 Discussion 
2.4.1 Homogeneous glasses 
The non-linear variation of the glass transition temperature may indicate phase 
separation in these glasses especially if two distinct glass transition temperatures were 
observed in the DSC experiment. However, since only one glass transition was observed 
over the entire glass system as shown in Fig. (2.4), these glasses are expected to have one 
single homogeneous phase. Additionally, the measurement of the laser micro Raman spectra 
on several different spots of bulk glasses, see Fig. (2.1) and Fig. (2.2), confirms their single-
phase nature, as is also confirmed by homogeneous optical appearance. 
The measurement of glass transition temperature can reveal a transformation of the 
glass structure as a function of composition since the average coordination number per atom 
can be used to determine the glass transition temperature [18]. However, the glass transition 
temperature of some glasses is not consistent with the transformation of their structure. For 
examples, Tg trends for the B2S3 + B2O3 oxy-sulfide glasses is very little dependence on the 
increase of B2O3 contents even though a sulfur for oxygen substitution occurs and results in 
formation of new structural units, BS3-xOx (x = 1, 2). It is also well known in potassium 
silicate glasses that the glass transition is dramatically dropped to 665 °C from 1200 °C 
when only 2.9 mol% K2O is added to SiC>2 glass, which is not consistent with smooth 
transformation of structural units. Therefore, this inconsistent glass transition temperature 
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with structural changes may be possible in the GeS? + GeOi glasses. It is suggested that the 
main structural modifications of the GeS? glass network essentially arise at low GcO? content. 
2.4.2 The spectra of GeSz + GeO% glasses 
In the Raman spectra of (l-x)GeS2 + xGe02 glasses, besides the bands arising from 
the bridging sulfur and oxygen, a new band at ~ 253 cm"1 is observed at x = 0.2 and becomes 
a prominent features at intermediate Ge02 (x ~ 0.5) concentrations. This band is not 
observed in either pure vitreous GeS2 or Ge02. In addition, this new band appears at 
frequencies intermediate between those related to modes involving S-Ge-S and O-Ge-O 
linkages. Therefore, this new mode may be attributed to the bending modes of the S-Ge-O 
linkage. The existence of S-Ge-0 linkages suggests that the individual GeS2 and Ge02 
components are not simply mechanically mixed in this glass system, but rather that they have 
reacted with each other to form a new homogeneous vitreous network. 
The IR spectra for (l-x)GeS2 + xGe02 glasses also suggest the presence of mixed 
oxy-sulfide structural units with a central Ge atom. The new and weak band, which is not 
observed in either GeS2 or Ge02 glasses, appears at 221 cm"1 by addition of Ge02 to GeS2 
glass. This can be assigned to the bond bending modes of S-Ge-0 linkage from reduced 
mass considerations because the bending modes of S-Ge-S and O-Ge-O appear at 152 cm"1 
and 280 cm"1, respectively. 
When some of sulfur atoms are replaced by less polarizable higher field strength 
oxygen atoms to form S-Ge-0 linkages, the stretching force constant increases for the Ge-S-
Ge unit involving Ge atoms bonded to O atoms. This explains the increase in the frequencies 
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for the stretching modes of bridging Ge-S-Ge bonds at 341 cm1 of Raman spectra and at 379 
cm"1 of IR spectra, respectively, with the increase in GeO? concentration. In the similar way, 
the stretching modes of the bridging Ge-O-Ge bonds at 416 cm"1 of Raman spectra and at 854 
cm"1 of IR spectra shift to lower wavenumbers with an increase in GeS2 concentration. 
Both Raman and IR spectra show that the addition of Ge02 to GeS2 glass leads to a 
monotonie increase in the intensities of the bridging oxygen band, Ge-O-Ge, and a decrease 
in the intensities of the bridging sulfur band, Ge-S-Ge. However, since the frequencies of the 
bridging sulfur and oxygen bands differ by ~487 cm"1 in the IR spectra compared with those 
in the Raman spectra (which are very close and overlapped), the IR spectra are more useful 
in the investigation of the concentrations of bridging sulfur and oxygen in this glass system. 
For example, in the Raman spectra of the O.6GeS2 + 0.4Ge02 glass, the symmetric stretching 
mode of Ge-O-Ge (385 cm"1), appearing as a shoulder, is hard to distinguish from the 
symmetric stretching mode of Ge-S-Ge (354 cm"1) band because they are so close and almost 
overlapped. In contrast, the asymmetric stretching modes of Ge-S-Ge (389 cm"1) and Ge-O-
Ge (830 cm"1) bands shown in the IR spectra in Fig. (2.8) are clearly distinguishable, so the 
concentrations of bridging sulfur and oxygen can be more clearly obtained from the peak 
intensity of these bands. 
The presence of the bridging Ge-S-Ge and Ge-O-Ge bands and the S-Ge-0 linkage as 
well as their intensity depending on Ge02 concentration suggests that the germanium atoms 
are coordinated with both sulfur and oxygen atoms with the doping of GeO? to the GeS2 glass. 
This may result in the formation of GeS3/20v2, GeS2/202/2, and GeSi/203/2 oxy-sulfide 
structural units causing the formation of both bridging Ge-S-Ge and Ge-O-Ge bonds in this 
glass system. 
Similar oxy-sulfide structural units were previously reported for alkali thio-
hydroxogermanates such as NazGeS^fOH^-SHzO [8], Na3GeS3(OH) 8H2O [9], and 
amorphous xMSH + GeO% + «H20 reaction products (x = 2, 3, and 4; M = Na, K, Rb, and 
Cs) [7], The (GeS30)4~ structural unit was reported for Na3GeS3(OH) 8H2O with terminal 
Ge-S and Ge-O stretching modes [9]. The (GeS202)4" structural unit was observed in both 
Na2GeS2(OH)2 5H2O and amorphous 2MSH + GeO? + nH20 (M = Na, K, Rb, and Cs) 
reaction products with stretching modes of terminal Ge-S" and Ge-O" bonds [7, 8], In the 
Raman and IR spectra of amorphous 3MSH + Ge02 + /1H2O (M = Na, K, Rb, and Cs) and 
4CsSH + Ge02 + «H20 reaction products, (GeS30)4", (GeS202)4", and (GeS03)4" structural 
units were also observed with symmetric and asymmetric stretching modes of terminal Ge-S 
and Ge-O" bonds [7], 
For the oxy-sulfide glasses, the binary boron oxy-sulfide (l-x)B2S3 + XB2O3 glasses 
have been reported [10]. The Raman and NMR spectra showed that BS2/2O1/2 and BS1/2O2/2 
structural units were obtained along with B03/2 and BS3/2 as B2O3 is added to B2S3 glass. 
2.5 Conclusions 
Germanium oxy-sulfide GeS2 + Ge02 glasses were prepared and characterized for the 
first time. The glasses were formed over the entire range between pure GeS2 and GeÛ2. For 
all of the oxy-sulfide glasses, one glass transition temperature was observed, which indicates 
the preparation of homogeneous glasses. The glass transition temperatures increased initially 
with Ge02 concentration, but remained constant for 0.2 < x < 0.8 and then increased again at 
the end of the glass forming range for x > 0.8. 
The stretching modes of the bridging Ge-O-Ge and Ge-S-Ge bonds were present in 
both the Raman and IR spectra of the germanium oxy-sulfide glass system. With increasing 
GeOi concentration, the bridging oxygen bands increased and the bridging sulfur bands 
decreased. The bending modes of the S-Ge-O linkages were also observed at ~ 253 cm"'in 
the Raman spectra and maximized at intermediate GeO^ concentrations. Therefore, the 
germanium atoms may be coordinated with both sulfur and oxygen atoms resulting in the 
formation of mixed oxy-sulfide GeSs/iOi#, GeSa/iOa/z, and GeS^O^ structural units 
increasing GeO^ concentration into the GeS? glass. 
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Table 2.1 Glass transition onset temperatures for (l-x)GeS2 - xGeO? glasses determined 
from DSC. 
Compositions 
GeSz GeOz 
Tg(°C) 
1.0 0.0 398 (±5) 
0.9 0.1 450 (±10) 
0.8 0.2 435(±15) 
0.6 0.4 430(±13) 
0.5 0.5 435 (±3) 
0.4 0.6 432 (±4) 
0.2 0.8 423 (±11) 
0.0 1.0 502 (±8) 
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Figure 2.1 (a) Optical micrograph of the O.ZGeS] + O.SGeOa glass in contact with SiOa tube 
which were polished by silicon carbide grinding paper (# 4000). (b) The Raman spectra are 
measured on the selected spots of both glasses surface. The laser spot diameter is about 1-2 
Jim. 
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Figure 2.2 (a) Optical micrograph of the O.ôGeSz + OAGeOi glass which was polished by 
silicon carbide grinding paper (# 4000) and (b) Raman spectra of the selected spots on the 
glass surface. The laser spot diameter is about 1-2 jam. 
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Figure 2.3 Powder x-ray diffraction patterns of (l-x)GeS2 + xGeOa glasses. 
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Figure 2.4 DSC scans for the germanium oxy-sulfide glasses at 20 °C/min for hermetically 
sealed samples of -18 mg. Only one glass transition temperature is observed for all oxy-
sulfide glasses, which support the conclusion that these are one phase homogeneous glasses. 
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Figure 2.5 Glass transition temperatures as a function of Ge02 concentration for the 
germanium oxy-sulfide glasses. 
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Figure 2.6 Raman spectra of the germanium oxy-sulfide (l-x)GeS2 - xGe02 glasses. The 
bottom trace is pure GeS2 glass and the top trace is pure Ge02 glass. The bending modes of 
S-Ge-O linkage are observed at -253 cm"1 with the stretching modes of Ge-O-Ge and Ge-S-
Ge bands. 
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Figure 2.7 Infrared absorption spectra of the germanium oxy-sulfide (l-x)GeS2 - xGe02 
glasses with Csl. Increasing Ge02 concentration leads to increase the intensity of GeO? 
peaks but decrease the intensity of GeS2 peaks, monotonically. 
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Figure 2.8 IR and Raman spectra of the O.ôGeSa + 0.4GeC>2 glass. Both spectra show the 
stretching modes of Ge-S-Ge and Ge-O-Ge: asymmetric stretching modes (vas) in IR and 
symmetric stretching modes (vs) in Raman. The stretching modes of Ge-S-Ge and Ge-O-Ge 
are more easily distinguished in the IR spectra in these glasses. 
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3 GLASS FORMATION IN AND STRUCTURAL INVESTIGATION 
OF Li2S + GeS2 + Ge02 COMPOSITION USING RAMAN AND IR 
SPECTROSCOPY 
A paper published in Journal of Non-Crystalline Solids 351 (2005) 3716-3724 
Youngsik Kim, Jason Saienga, and Steve W. Martin* 
Abstract 
Lia S + GeS2 + Ge02 ternary glasses have been prepared and a wide glass-forming 
range was obtained. The glass transition temperatures increase with the Ge02 concentration 
in the glasses. The vibrational modes of both bridging (Ge-S-Ge) and non-bridging (Ge-S ) 
sulfurs are observed in Raman and IR spectra of binary Li?S + GeS2 glasses. Additions of 
Ge02 to this binary glass increase the bridging oxygen band (Ge-O-Ge) at the expense of 
decreasing the bridging sulfur band (Ge-S-Ge), whereas the bands associated with the non-
bridging sulfurs (Ge-S ) remain constant in intensity up to high Ge02 concentrations. At 
higher Ge02 concentrations (> 60%), the non-bridging oxygen band, which is not observed at 
low and intermediate Ge02 concentrations, appears and grows stronger. From these 
observations, it is suggested that the added lithium ions favor the non-bridging sulfur sites 
over the oxygen sites to form non-bridging sulfurs, whereas the added oxygen prefers the 
higher field strength Ge4+ cation to form bridging Ge-O-Ge bonds. The structural groups in 
the Li2S + GeS2 + Ge02 glasses that are consistent with results of Raman and IR spectra are 
described and are used to develop a structural model of these glasses. 
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3.1 Introduction 
Lithium-ion conductive sulfide glasses such as the Lil + Li?S + P2S5 [1], Lil + Li2S + 
B2S3 [2], and Lil + Li2S + SiS; [3] systems are well known and exhibit high Li+ ion 
conductivities, typically greater than 10"3 S/cm at room temperature. However, their poor 
stability against anode materials [4] and hygroscopic nature limit their potential applications 
as electrolytes in solid state batteries [5,6]. 
Since Kondo et al. reported that the addition of small amounts of Li^PO^ to the 
O.ôLiaS + 0.4SiS% system improved the chemical stability against lithium metal while 
keeping the ionic conductivity above 10"4 S/cm [7], a variety of oxy-sulfide glasses in the 
Li2S + SiSi + LixMOy (LixMOy = L13PO4, Li4SiÛ4, Li3B03, Li^deO^, etc.) system have been 
prepared and their thermal and electrical properties have been studied [8-10]. In most of 
these systems, the addition of ~5 mol% LixMOy kept the ionic conductivity high, but further 
addition of LixMOy dropped the conductivity significantly. This observation is consistent 
with the structure changes caused by the addition of the oxides and the overall lower ionic 
conductivity of the oxides compared to the sulfides. NMR and XPS of the glasses revealed 
that Li%S + SiS2 glasses doped with 5 mol% LixMOy consisted mainly of silicon tetrahedra 
with three non-bridging sulfurs and one bridging oxygen. Further additions of LixMOy, 
which possesses all non-bridging oxygens, increases the number of non-bridging oxygens, 
which are known to be a strong lithium ion traps and thereby reduce the ionic conductivity 
[11, 12]. Even though these oxy-sulfide glasses have high ionic conductivity and good 
chemical stability in contact with metallic lithium, these 5 mol% LixMOy doped glasses were 
still observed to be unstable in air since the base glass O.6IÂ2S + OASiSa is extremely 
hygroscopic. This will limit their potential application as electrolytes in solid state batteries. 
It is to this problem that the current research effort is focused. While high conductivity in 
glass is well known and a few of the better known systems have been described above, no 
glass has been developed to date that has the combined properties of high ionic conductivity, 
stability in the presence of metallic lithium and yet still be stable in air. To develop such 
glass, we are more broadly investigating the structure and properties of oxy-sulfide glasses 
and are beginning with the GeOz and GeS% systems. 
GeSa has been considered as the primary glass former in our investigation for the 
glassy electrolytes due to its stability in air, compared to other glass formers such as SiSz, 
B2S3, and P2S5 which are extremely unstable in air. The oxy-sulfide glasses based on the 
GeS2 glass former, Li?S + Ge§2 + L^SiC^ and U3PO4, have been reported to have good 
conductivity and good chemical stability in contact with lithium metal [5, 13]. However, 
only a few glass compositions have been synthesized and their structures have not been 
thoroughly studied. Hence, it is still not clear whether an increase in the conductivity of 
Li3PC>4 or L14S1O4 doped glasses is the result of increasing lithium concentrations or the 
formation of favorable structures for conductivity in the glass matrix. Further, the more 
simply constituted ternary Li?S + Ge$2 + GeOa glasses appear to not have been thoroughly 
studied before. Such simpler single glass forming cation (Ge4+) systems will be expected to 
have simpler atomic-level structures and as such make the interpretation of their physical 
properties, especially the ionic conductivity, easier and more straight forward. 
In this work, therefore, GeOa has been added systematically to LiiS + GeSa binary 
glasses rather than adding lithium oxides (e.g. U3PO4, Li4Si04, Li3B03, and, Li4Ge04). It 
will be easier in these simpler ternary glass compositions to determine their structures and 
their relationship with ionic conductivity. Ternary Lia S + GeSa + GeOa glasses have been 
prepared using a rapid quench method. The glass-forming region, and glass transition and 
crystallization temperatures have been investigated as typical physical properties of these 
glasses. The glass structure of these oxy-sulfide glasses have been analyzed using Raman 
and IR spectroscopy; Ge, O, and S are not being readily available NMR nuclei. Studies of 
the ionic conductivities and chemical stability of these glasses will be published separately. 
3.2 Experimental methods 
3.2.1 Preparation of the glasses 
Vitreous GeSa was prepared by mixing and reacting stoichiometric amounts of 
germanium (Cerac, 99.999%) and sulfur (Cerac, 99.999%) in an evacuated silica tube. The 
silica tube was rotated at an angle of ~10° in a tube furnace and heated at 1 °C/min to 900 °C, 
held for 8 h and then quenched in air. 
Ternary Lia S + GeSa + GeOa glasses were prepared by reacting stoichiometric 
amounts of LiaS (Cerac, 99.9%), GeSa, and GeOa (Cerac, 99.999%) starting materials using a 
bulk melt and quench technique. They were mixed and then placed in a covered vitreous 
carbon crucible and heated for 5 to 10 minutes between 850 and 1100 °C (depending upon 
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compositions; GeS? rich compositions were melted at lower temperatures, whereas GeO? rich 
compositions were melted at higher temperatures) inside a tube furnace attached to the side 
of a nitrogen-filled glove box (< 0.1 ppm 02 and < 0.1 ppm H20). The molten samples were 
quenched between two brass plates at room temperature. The glasses were generally 
transparent with a reddish or yellowish color. 
3.2.2 Differential scanning calorimetry (DSC) 
Glass transition and crystallization temperatures were measured using a Perkin Elmer 
Pyris Diamond Differential Scanning Calorimeter (DSC). Between 15 and 20 mg of the 
powdered sample was loaded into an aluminum pan and hermetically sealed under dry 
nitrogen. The samples were heated at a rate of 10 °C/min from 50 to 550 °C under a nitrogen 
gas purge of 20 cm3/min, after first stabilizing at 50 °C for lmin. 
3.2.3 Raman spectroscopy 
The Raman spectra were collected at room temperature with a Renishaw inVia 
spectrometer using the 488 nm line of the Ar+ laser with 50 mW of power. The instrument 
was calibrated using an internal silicon reference and the bands were reproducible to within 
±1 cm"1. Small bulk samples were placed into a small cup-like amorphous sample holder and 
then covered with clear amorphous tape to prevent exposure to air. It was found, by using 
the confocal feature of the Raman microscope, that good quality spectra could be obtained by 
focusing through the tape and directly on the glass particles. Multiple spots were checked to 
ensure the homogeneity of the sample. 
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3.2.4 IR spectroscopy 
The mid- and far-infrared absorption spectra were recorded in the range of 4000 to 
400 cm"1 and 750 to 150 cm'1, respectively, with the use of a Bruker IFS 66 v/s spectrometer. 
The IR spectra of the samples were taken on pressed Csl pellets. 2 mg of each sample were 
ground with 100 mg of Csl into a fine powder and pressed into pellets for transmission. The 
IR spectra typically were obtained using 32 scans at 4 cm"1 resolution. 
3.3 Results 
3.3.1 Glass forming region 
Many LiiS + GeSa + GeO? compositions were obtained as homogeneous glasses 
using the rapid quench method. This system has a broad glass-forming region as shown in 
Fig. (3.1). The binary GeSa + GeOa glasses have been previously reported to have a 
continuous glass forming range between pure GeSa and GeOa [14]. We have found these 
binary glasses to also be good glass network formers and can be modified with up to ~70 
mol% LiaS. The binary Lia S + GeSa and Lia S + GeOa glasses have also been prepared and 
we have found that glass formation can be extended to 60 mol% and 50 mol% LiaS, 
respectively. Phase separation and crystallization occurs in a small region of low Li2S 
content near pure GeSa. This behavior is also reported in the binary LiaS + GeSa system 
[15] and in the ternary LiaS + GeSa + GaaSg system [16]. The crystallization may arise from 
phase separation in the liquid state in a manner similar to that observed in low lithia content 
binary Li20 + Si02 glass [17]. Crystallization at the higher Li2S fraction region (> 60, 70 % 
Li2S) is consistent with a decrease in the concentration of glass network formers, GeS2 and 
Ge02, and an increase in the fraction of non-bridging sulfur units. 
3.3.2 Raman spectra of the glasses 
The Raman spectra of the binary xLi2S + (l-x)GeS2 (0 < x < 0.5) glasses have 
previously been reported by Souquet et al.[18], but they only assigned the peak at 425 cm"1 to 
the non-bridging sulfur unit, Ge-S" and assigned the peak at 350 cm"1 to the bridging sulfur 
unit (Ge-S-Ge). In this work, the Raman spectra of binary xLi2S + (l-x)GeS2 (0 < x < 0.6) 
glasses show three peaks at 454, 415, and 385 cm"1 along with the more dominate bridging 
sulfur band at 340 cm"'as shown in Fig. (3.2). The peaks at 454, 415, and 385 cm"1 can be 
assigned to a germanium tetrahedron with one, two, and three non-bridging sulfurs, 
respectively. These peak assignments compare favorably to those found in the study of 
sodium thio-germanate [19], silver thio-germanate [20], and lithium thio-boro-germanate 
glasses [21], and are listed in Table 3.1. 
The Raman spectra of the ternary xLi2S + (l-x)(0.6GeS2 + 0.5Ge02) glasses are 
shown in Fig. (3.3) and show the same three non-bridging sulfur bands at 461, 417, and 389 
cm '. The intensities of the peaks at 461, 417, and 389 cm"1 depend strongly on the amount 
of Li2S concentration and are related to the creation of germanium tetrahedra units with one, 
two, and three non-bridging sulfurs, respectively, the higher the Li2S content, the higher 
intensity of bands associated with larger numbers of non-bridging sulfur atoms. These peak 
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assignments are also listed in Table 3.1. At high concentrations of LiaS (x > 0.5), a new band 
is observed at 780 cm"1. Since the strong and broad vas (Ge-O-Ge) band appearing at 700 -
900 cm"1 and overlapping the vs (Ge-O ) mode in the IR spectra [24] is not observed in the 
Raman spectra [14], this band can be assigned to the vs (Ge-O ) of the non-bridging oxygen 
band from the peak assignment of the non-bridging oxygen band (-800 cm"1) in the alkali 
germinate glasses [22]. As expected from the depolymerizing role of LiaS, the bridging 
sulfur band observed at 354 cm"1 decreases in intensity over the entire composition range. 
The bridging oxygen band observed at 385 cm"1 in the 0.6GeSa + OAGeOa glass [14], on the 
other hand, seems to be unchanged in intensity. This effect is most clearly observed in the IR 
spectra, Fig. (3.6), where the band at -750 cm"1 assigned to the asymmetric stretching mode 
of the Ge-O-Ge unit, remains constant in intensity for x = 0.3 to x = 0.6. The bending mode 
of the mixed S-Ge-O unit at 252 cm"1, however, decreases in intensity at the expense of the 
creation of non-bridging sulfurs, again consistent with the modifying role of LiaS. 
To examine the role of the different glass formers GeOa and GeSa at constant LiaS 
modifier content, Fig. (3.4) shows the Raman spectra of 0.5LiaS + 0.5[(l-x)GeSa + xGeOa] 
glasses where 0 < x < 1. The x = 0 glass, 0.5LiaS + 0.5GeSa, shows two intense bands at 350 
cm"1 and 420 cm"1, which are associated with a germanium tetrahedron with two bridging and 
two non-bridging sulfurs, respectively. The addition of GeOa to this glass, keeping the LiaS 
concentration constant, decreases the intensity of the bridging sulfur band at 350 cm"1 at the 
expense of creating and then increasing the intensity of the new band at 465 cm"1. This band 
can be assigned to the vs (Ge-O-Ge) of the bridging oxygen band from the peak assignment 
of the bridging oxygen band (-520 cm"1) in the Raman spectra of the Li20 + GeOa glasses 
[22], which may shift to lower frequencies in the 0.5Li2S + 0.5[(l-x)GeS2 + xGeOa] glasses 
because the stretching force constant will decrease for the Ge-O-Ge unit involving Ge atoms 
bonded to S atoms. The non-bridging sulfur band at 420 cm"1 appears to be constant in 
intensity upto x = 0.5. At highest concentration of Ge02 (x > 0.6), the non-bridging oxygen 
band appears at 797 cm"1. 
3.3.3 IR spectra of the glasses 
To the best of our knowledge, the IR spectra of binary xLi%S + (l-x)GeSi glasses 
have not been reported in the open literature and Fig. (3.5) gives the IR spectra of these 
glasses for the first time. The intense peak at 374 cm"1 is assigned to a germanium 
tetrahedron unit with bridging sulfurs [23] and decreases in intensity with added Li^S. A new 
band appears at 446 cm"1 as a result of the formation of non-bridging sulfurs. This non-
bridging sulfur band was reported at 450 cm"1 in the IR spectra of binary xNa%S + (l-x)GeSz 
glasses (0 < x < 0.3) [23]. In comparison to the Raman spectra, the non-bridging sulfur band 
at 446 cm"1 diminishes as another non-bridging sulfur band at 415 cm"1 grows stronger with 
further additions of LiiS, and this suggests that the number of non-bridging sulfurs per Ge 
changes (increases) with the addition of LigS. 
Inspection of the IR spectra of the 0.6GeSz + OAGeOa glass, Fig. (3.6), shows that 
there are intense peaks at 385 and 830 cm"1 and these have been previously assigned to 
germanium tetrahedra with bridging sulfurs and oxygens, respectively [14]. The weak peaks 
at 266 and 562 cm"1 are assigned to the bending and symmetric stretching modes of Ge-O-Ge 
units, respectively, as shown in Fig. (3.6). When LizS is systematically added to this glass 
(constant GeSz to GeOa ratio), the change in the IR spectra is very similar to that of the 
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binary Lia S + GeS2 glasses except for the peaks related to the modes of Ge02. The peak at 
460 cm"1 can be assigned to a germanium tetrahedra with one non-bridging sulfur. At higher 
Li2S contents, another non-bridging sulfur band at 420 cm"1 appears at the expense of the 
previous non-bridging sulfur mode and is assigned to germanium tetrahdera with two non-
bridging sulfurs. As expected, the bridging sulfur band at 385 cm"1 decreases in intensity 
with added Li2S and finally disappears at high concentrations of Li2S. The bridging oxygen 
band at 830 cm"1 in the 0.6GeS2 + 0.4Ge02 glass shifts to lower wavenumbers with the 
addition of 30 mol% Li2S. However, the intensity of the bridging oxgen band remains 
constant over the full composition range. 
Figure (3.7) shows the IR spectra of the 0.5Li2S + 0.5[(l-x)GeS2 + xGe02] glasses. 
As Ge02 replaces GeS2 in the binary 0.5Li2S + 0.5GeS2 glass, the non-bridging sulfur bands 
at 410 cm"1 and 448 cm"1 remain constant in intensity, while the bridging sulfur band at 359 
cm"1 decreases in intensity at the expense of creating and increasing the intensity of the new 
bands at 331, 553, and 752 cm"1. The IR spectra of Ge02 glass show the bending mode of 
the Ge-O-Ge unit at 280 cm"1, the symmetric stretching mode of Ge-O-Ge at -550 cm"1, and 
the asymmetric stretching mode of Ge-O-Ge at 830 cm"1 and these bands shift to -330, -550, 
and -750 cm"1, respectively with the addition of 30 mol % Na20 [24]. Based on these peak 
assignments, the peaks at 331, 553, and 753 cm"1 of the IR spectra of 0.5Li2S + 0.5[(1-
x)GeS2 + xGe02] glasses can be assigned to the bending, symmetric stretching, and 
asymmetric stretching modes of Ge-O-Ge, respectively, which are shifted from 280, 553, and 
830 cm 1 in the binary (l-x)GeS2 + xGeO? glasses with addition of 50 mol % of Li2S as 
shown in Fig. (3.7). 
The non-bridging oxygen bands that are observed in the Raman spectra at high 
concentrations of Li2S in the ternary system are not observed in the IR spectra. This band 
was also not observed in the IR spectra of binary LiaO + GeOa glasses [25, 26]. However, 
Efimov [24] assigned the weak shoulder at 830 - 855 cm"1, which is close in frequency to the 
intense bridging oxygen band at 760-790 cm"1, to the stretching mode of the non-bridging 
oxygen, Ge-O" in the IR spectra of alkali germinate glasses. It may therefore be expected 
that the weak non-bridging oxygen band overlaps that of the strong and broad bridging 
oxygen band in this ternary system. 
3.3.4 DSC measurements 
DSC was used to characterize the glass transition and crystallization temperatures in 
the LizS + GeSa + GeO? system. The glass transition and crystallization onset temperatures 
of selected glasses, those along the tie lines with constant LiaS fraction and constant 
GeOa/GeSa ratio, are given in Table 3.2. The glass transition temperatures of 0.5 Lia S + 
0.5[(l-x)GeSa + xGeOa] glasses increase with increasing GeOi concentrations. As shown in 
the Raman and IR spectra, an increase in the oxygen content in the system replaces the 
bridging sulfur atoms to create bridging oxygen atoms and this may create a stronger network 
structure in these glasses, thus more thermal energy is needed to promote structural 
relaxation. The Tg of GeS2 glass is 398 °C, whereas the Tg of GeOa glass is 502 °C. In the 
xLiaS + (l-x)(0.6GeSa + OAGeOa) system, the glass transition temperatures decrease with 
increasing LiaS concentration. This is in agreement with the Tg behavior of previously 
reported alkali (Li, Na, Rb, K, and Cs) thiogermanates [18, 27]. An increase of alkali 
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modifier content increases the number of non-bridging sulfurs and creates a more broken-up 
network structure and thus causes structural relaxation to occur at lower temperatures. 
3.4 Discussion 
3.4.1 The structures of LiiS + GeS% glasses 
The Raman spectra of the Li2S + GeS2 binary glasses, Fig. (3.2), are very similar to 
those of the Na2S + GeS2 glasses. The peaks at 469, 419, and 390 cm"1 in the Raman spectra 
of the Na2S + GeS2 were associated with germanium tetrahedra with one, two, and three non-
bridging sulfurs, respectively [19]. These non-bridging sulfurs are observed in different 
structural units in xNa2S + (l-x)GeS2 glasses; one non-bridging sulfur in the (Ge4Sio)4" unit 
for the x = 0.33 glass (Na4Ge4Sw), two non-bridging sulfurs in the [(GeS^)n]^" unit for the x 
= 0.5 glass (Na2GeS;), and three non-bridging sulfurs in the (Ge2S?)^" unit for the x = 0.6 
glass (Na6Ge2S7) [19]. The close resemblance of the Raman spectra for lithium and sodium 
thiogermanate glasses suggests that the (664810)*", [(GeS3)n]2n", and (Ge2S?)*" structural units 
are also formed in the xLi2S + (l-x)GeS2 glasses at progressively higher Li2S concentrations. 
For the 0.5Li2S + 0.5GeS2 glass, a germanium tetrahedron with two bridging and two non-
bridging sulfurs may result in the creation of long chain units, [(GeS3)n]2n". Significantly, the 
fully depolymerized unit, Li^GeS^ (four non-bridging sulfurs), is not observed in the glassy 
state as would be expected from glass forming rules like the theory of Zachariasen [28]. 
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3.4.2 The structures of Li%S + GeS% + Ge02 glasses 
The Raman and IR spectra of binary (l-x)GeS2 + xGe02 glasses were reported 
previously and found to consist of oxy-sulfide GeS3/20i/2, GeS2/2Q2/2, and GeSi/203/2 
structural units at progressively higher Ge02 concentrations [14]. The GeS2/202/2 unit was 
proposed as the major structural unit in the intermediate Ge02 concentration range, 0.6GeS2 
+ 0.4Ge02, from the Raman and IR spectra. The proposed GeS2/202/2 structural unit of 
0.6GeS2 + 0.4Ge02 glass is illustrated in Fig. (3.9-a). When Li2S is added to the 0.6GeS2 + 
0.4Ge02 glass, the Raman and IR spectra show that the bands associated with germanium 
tetrahedra with bridging sulfurs decrease in intensity at the expense of the creation of one, 
two, and three non-bridging sulfurs at progressively higher Li2S concentrations. In addition, 
the mode of the mixed S-Ge-0 linkage observed at 252 cm"1 in the Raman spectra of the 
binary glass is destroyed by Li2S additions, forming instead non-bridging sulfurs. However, 
the bands arising from germanium tetrahedra with bridging oxygens seem to remain constant 
in intensity, which is more clearly observed in the IR spectra as discussed above. 
From these results, it is suggested that when Li2S is added to 0.6GeS2 + 0.4Ge02 
glass, it first attacks the bridging sulfur unit which is shared by two GeS2/2Q2/2 units, forming 
non-bridging sulfur (Ge-S") units. This process is shown in Fig. (3.9-b). After replacing all 
of the bridging sulfurs (Fig. (3.9-c)), further additions of Li2S attack the bridging oxygen 
units which are shared by two (GeS202/2)2" units and form a new non-bridging oxygen and a 
third non-bridging sulfur as shown in Fig. (3.9-d). These bands are observed at 780 and 389 
cm"1, respectively, in the Raman spectra of high Li2S content (x > 0.55) xLi2S + (1-
x)(0.6GeS2 + 0.5Ge02) glasses as shown in Fig. (3.3). 
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The Raman and IR spectra of 0.5Li2S + 0.5[(l-x)GeS2 + xGeCb] glasses, Fig. (3.4) 
and Fig. (3.7), also suggest that the lithium ions favor sulfur sites to form non-bridging 
sulfurs rather than oxygen sites to form non-bridging oxygens. The binary 0.5Li2S + 
0.5GeS2 glass has been suggested to consist of a germanium tetrahedra with two bridging and 
two non-bridging sulfurs, resulting in the formation of long chain structures with formula 
[(GeS3)n]2n". When Ge02 replaces GeS2 in the 0.5Li2S + 0.5GeS2 glass, the bridging oxygen 
band increases while the bridging sulfur band decreases in intensity in the Raman and IR 
spectra. However, the bands associated with a germanium having two non-bridging sulfurs 
appear to be stable in intensity up to high Ge02 concentrations. At high concentrations of 
Ge02 (x > 0.6), the non-bridging oxygen bands, which are not observed at low and 
intermediate Ge02 concentrations, appear and grow stronger. 
To provide more systematic characterization of the structural changes in the 0.5Li2S + 
0.5[(l-x)GeS2 + xGe02] glasses, the band envelopes in the Raman spectra (250 - 550 cm"1) 
have been resolved using the Reinshaw inVia spectral deconvolution program involving the 
linear combination of Gaussian and Lorentzian contours. Figure (3.8) shows the best-fit in 
band shapes and intensities for the x = 0.3, 0.4, 0.6, and 0.8 glasses. The envelope in the 
spectrum of each glass is deconvoluted into three individual bands. As pointed above, -350, 
-420, and -465 cm"1 bands correspond to the vs(Ge-S-Ge), vs(Ge-S"), and vs(Ge-0-Ge) 
modes, respectively. This figure confirms that the addition of Ge02 increases the bridging 
oxygen band at the expense of decreasing the bridging sulfur band while keeping the non-
bridging sulfur band almost constant in intensity. It is therefore suggested that the added 
oxygen atoms replace the bridging sulfur atoms first instead of the non-bridging sulfur atoms. 
This behavior is consistent with that described above for the glasses with variable Li2S 
contents. When two bridging sulfur atoms are replaced by oxygen atoms, the structural unit 
is shown in Fig. (3.9-c). After replacing all of the bridging sulfur atoms, the oxygen atoms 
start to replace the non-bridging sulfur atoms to form non-bridging oxygens in the glasses. 
From all of these results, the proposed structural model of the 0.5LizS + OASGeSa + 
0.05GeC>2 glass is seen in Fig. (3.10). The O.SLiiS + O.SGeSg glass is based on the long 
chains of [(GeS3)n]2n~ units and at low GeOa addition (5 mol% GeOa) some of the bridging 
sulfur atoms are exchanged with oxygen atoms. The resulting structure is a germanium 
tetrahedron with one bridging oxygen, one bridging sulfur, and two non-bridging sulfurs. 
Because the Li+ ion are still associated with the sulfur units which maintains their high 
mobility, the ionic conductivity of this 5 mol% GeO? doped glass is not diminished. Since 
the amount of Li+ ion is constant, the observed improvement in conductivity must be caused 
by a structural change. The appearance of the bridging oxygens with non-bridging sulfurs 
may be the major cause. To investigate these hypotheses further, the ionic conductivities of 
LiaS + GeSz + GeOz glasses will be measured and their relationship with their structures will 
be studied in future. 
3.5 Conclusions 
Ternary LiaS + GeSa + GeOo glasses have been prepared and their thermal properties 
and structures were investigated for the first time. This system has a very broad glass-
forming region. The glass transition temperatures increase with increasing Ge02 
concentration in the glasses. 
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The Raman and IR spectra show that O.SLizS + 0.5GeS2 glasses consist of a 
germanium tetrahedra with two bridging and two non-bridging sulfurs. The bridging sulfurs 
are replaced by oxygen atoms with the addition of Ge02 to this binary glass. After replacing 
all of the bridging sulfurs, further additions of Ge02 lead to the formation of non-bridging 
oxygens. When Liz S is added to the 0.6GeS2 + 0.4Ge02 glass which consists of GeS2/202/2 
units, the Raman and IR spectra suggest that the added Li2S attacks the bridging sulfurs first 
and then the bridging oxygens, forming non-bridging sulfurs and non-bridging oxygens, 
respectively. All of these results suggest that the lithium ions favor the sulfur sites rather 
than the oxygen sites in ternary Li2S + GeS2 + Ge02 system and this may be a reason why 
the conductivity dose not initially decrease when a modifying oxide, such as LigPO^ is added 
to a base sulfide glass like Li2S + GeS2. At this point it is not known why the conductivity 
actually increases with the initial addition of dopant salts. 
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Table 3.1. Raman peak assignments for the Li2S + GeS2 and Li2S + GeS2+ Ge02 glasses. 
Li2S + GeS2 
glasses 
(cm-1) 
Li2S + GeS2 + 
Ge02 glasses 
(cm"1) 
Na2S + GeS2 
glasses 
(cm1) [19] 
AgzS + GeSi 
glasses 
(cm"1) [20] 
Li2S + B2S3 + 
GeS2 glasses 
(cm ') [21] 
GeS4/2 340 (350 [18]) 354 345 345 350 
(GeSs/zS)- 454 461 469 420 428 
(GeS^Szf- 415 (425 [18]) 417 419 400 407 
(GeS./iSs)^' 385 389 390 370 378 
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Table 3.2. Glass transition (Tg) and crystallization (Te) temperatures of some glasses in the 
Lia S + GeS2 + Ge02 system. 
Sample 
No. 
Compositions 
0.5Li2S + 0.5[(l-x)GeS2 + xGe02] 
Tg("C) 
(±5 °C) 
Tc(°C) 
(±5°C) 
1 x = 0.0 295 359 
2 0.1 297 402 
3 0.2 301 413 
4 0.4 313 >550* 
5 0.6 321 >550* 
6 0.8 351 >550* 
7 1.0 368 453 
xLizS + (l-x)(0.6GeS2 + 0.4GeQ2) 
8 X il o
 
o
 
430 >550* 
9 0.3 317 >550* 
10 0.4 318 >550* 
4 0.5 313 >550* 
11 0.6 297 472 
12 0.7 263 323 
* Maximum safe operating temperature of the DSC 
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Figure 3.1. Glass-forming region in the ternary diagram Li2S + GeS2 + Ge02 system. 
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Figure 3.2. Raman spectra of xLi2S + (l-x)GeS2 glasses and compared to those of xNa2S + 
(l-x)GeSz glasses [19]. The series of Raman spectra of both glasses are almost identical. 
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Figure 3.3. Raman spectra of xLi^S + (l-x)(0.6GeS2 + O.SGeOi) glasses. Except for the 
bridging oxygen band at 385 cm"1, the series of Raman spectra are similar to those of xLi%S + 
(l-x)GeSi glasses where three non-bridging sulfur bands are observed and the bridging sulfur 
band diminished. 
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Figure 3.4. Raman spectra of 0.5LizS + 0.5[(l-x)GeS2 + xGe02] glasses. The bridging sulfur 
band at 345 cm"1 decreases at the expense of creating the bridging oxygen band at 456 cm"1, 
while the non-bridging sulfur band remains almost constant in intensity at 415 cm"1. 
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Figure 3.5. Infrared spectra of xLi2S + (l-x)GeS2 glasses. Unlike the Raman spectra, where 
three non-bridging sulfur bands are appear, two non-bridging sulfur bands are observed along 
with the bridging sulfur band. The broad low intensity bands at -700 -800 cm"1 are due to 
sites associated with oxygen contamination. 
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Figure 3.6. Infrared spectra of xLizS + (l-x)(0.6GeS2 + O.SGeOa) glasses. The bands at 266, 
562, and 750 cm"1 are related to Ge02 and are not changed in intensity, but the spectra 
features related to GeSa closely resemble those in the spectra of the binary xLi2S + (l-x)GeS2 
glasses. 
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Figure 3.7. Infrared spectra of 0.5Li2S + 0.5[(l-x)GeS2 + xGe02] glasses compared to those 
of the (l-x)GeSz + xGe02 glasses [14]. The addition of 50 mol% Li2S to (l-x)GeS2 + xGe02 
glasses create non-bridging sulfur bands at 410 and 448 cm"1 over the entire glass 
compositions. 
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Figure 3.8. (a) Deconvolutions of the band envelopes in the Raman spectra of the 0.5Li2S + 
0.5[(l-x)GeS2 + xGeO?] glasses; open circles are experimental data; solid lines are the 
envelopes of the spectra; dashed lines are the components of the envelopes, (b) Composition 
dependence of the peak area % of Ge-S", Ge-S-Ge, and Ge-O-Ge bands, respectively. 
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Figure 3.10. The proposed structural model of O.SLiaS + 0.45GeS2 + O.OSGeOi glass. The 
added small amounts of oxygen atoms replace the bridging sulfur atoms first to form 
bridging oxygens. 
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4 ANOMALOUS IONIC CONDUCTIVITY INCREASE IN Li2S + GeS2 
+ Ge02 GLASSES 
A paper accepted in Journal of Physical Chemistry B, May, 2006 
Youngsik Kim, Jason Saienga, and Steve W. Martin* 
Abstract 
Numerous studies of the ionic conductivities in oxide doped chalcogenaide glasses 
have shown the anomalous result that the ionic conductivity actually increases significantly 
(by more than a factor of 10 in some cases) by the initial addition of an oxide phase to a pure 
sulfide glass. After this initial sharp increase, the conductivity then monotonically decreases 
with further oxide addition. While this behavior is important to the application of these 
glasses for Li batteries, no definitive understanding of this behavior has been elucidated. 
To examine this effect further and more completely, the ionic conductivities of 
O.SLiaS + 0.5[(l-x)GeS2 + xGeO?] glasses have been measured on disc-type bulk glasses. 
The ionic conductivity of the O.SLiaS + O.SGeSa (x = 0) glass was observed to increase from 
4.3 x 10"5 (S/cm) to 1.5 x 10"4 (S/cm) while the activation energy decreased to 0.358 eV from 
0.385 eV by the addition of 5 mol% of GeOz. Further addition of GeO? monotonically 
decreased the conductivity and increased the activation energy. Based on our previous 
studies of the structure of this glass system, the Anderson and Stuart model was applied to 
explain the decrease in the activation energy and increase in the conductivity. It is suggested 
that the "doorway" radius between adjacent cation sites increases slightly (from -0.29 
(±0.05) À to -0.40 (±0.05) Â) with the addition of oxygen to the glass and is proposed to be 
the major cause in decreasing the activation energy and thereby increasing the conductivity. 
Further addition of oxides appears to contract the glass structure (and the doorway radius) 
leading to an increase in the conductivity activation energy and a decrease in the conductivity. 
Department of Materials Science & Engineering, Iowa State University, Ames, IA 50011 
* Author to whom correspondence should be directed 
4.1 Introduction 
Lil-doped sulfide glasses, such as the Lil + Lia S + P2S5 [1], Lil + Lia S + B2S3 [2], and 
Lil + Lia S + SiSa [3] systems, so called Fast Ionic Conducting (FIC) glasses, are among the 
best solid electrolytes known and have a high conductivity of ~10 3 (S/cm) at room 
temperature. Since these conductivities were considered to be suitable for energy storage 
applications, lithium batteries using these glassy electrolytes have been fabricated [4], 
However, it has been found that Lil-doped glasses are unstable in contact with Li metal used 
as an anode and a decrease in the cell performance occurs for lithium batteries fabricated 
using these electrolytes [5-8]. The addition of iodides to the glass compositions also tends to 
decrease the chemical durability and thermal stability of the glasses [9], 
Therefore, several directions have been explored to search for glasses with high 
stability in contact with Li metal combined with a high ionic conductivity. As a result, oxy-
sulfide glasses have been explored to solve this problem. In the study of these oxy-sulfide 
systems, it has been found, for example, that small amounts of lithium oxysalts, LixMOy 
(where LixMOy = L13PO4, Li^SiC^, L13BO3, Li^CeC^), doped into the Lia S + SiSa glass 
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system is effective in increasing the stability toward Li metal without losing its high 
conductivity. As a result, these glasses have been considered as one of the most suitable 
candidate solid electrolytes for rechargeable Li batteries [8, 10, 11]. However, these glasses 
are extremely unstable in ambient air due to the high chemical reactivity of SiS? which 
decomposes to SiO? and generates poisonous H2S gas when they are exposed to air or water 
[12]. It is important therefore to further optimize the composition of these glasses to 
maintain their high ionic conductivity and stability in contact with Li metal, but to also 
improve their atmospheric stability. 
In addition to solving the technical problem of improving their atmospheric stability, 
there also has developed a significant scientific problem with these oxide-doped 
chalcogenide glasses. As described above, small additions of a lithium oxysalt leads to a 
significant increase in the Li ion conductivity. In some cases, as little as 5 % addition can 
lead to a 10 fold increase in the ionic conductivity. While this conductivity and physical 
property improvement is important to the battery application of these glasses, there has yet to 
be a definitive study of this anomalous conductivity increase in these glasses. It is not clear, 
for example, whether the added oxysalts work to increase the total number of cations in the 
glass or whether they work to increase their mobility, or perhaps both. 
It is to these two problems, therefore, that the current project is directed. This work is 
proposed to develop glasses that have better atmospheric stability while at the same time, 
developing a better and more complete understanding of the anomalous conductivity increase 
in these oxy-sulfide glasses. Our approach here will be to use simpler oxide additions where 
we simply substitute oxygen for sulfur without adding any Li cations to the glass so that if 
the conductivity does increase, then the added complication of an increasing number of alkali 
cations will be mitigated and the conductivity increase can be more completely and 
thoroughly understood on the basis of purely structural (mobility) changes to the glass. 
Among many possible sulfide glass network formers to choose from for this study, 
such as SiSz, GeS2, B2S3, and P2S5, GeS2 glass has been chosen as the primary glass former 
for our investigation. This glass former can be used to create ionic glasses with high 
conductivity and good stability in contact with lithium metal, but it is also not hygroscopic 
while the other glass formers are extremely unstable in air. For example, when the Li2S + 
SiS2 glass is exposed to air, it immediately reacts with air to produce toxic Hz S gas while 
GeSa-based glasses such as Li2S + GeS2 + GazSg, Li2S + GeS2 + LagSs, and Li2S + GeS2 + 
Ge02 glasses remained without immediately noticeable changes [9, 12]. Hence, this feature 
will not only improve the ease of handling these glasses in air, but also make them more 
practical candidates for future commercial utilization in Li batteries. 
First, we searched and found various GeS2-based lithium glasses exhibiting high 
conductivity of ~10"3 to 10"4 (S/cm) [8, 13-20] and these glasses are shown in Table 4.1. 
Lil-doped glasses show the highest conductivity as expected, but they have been excluded in 
our investigations due to the unstability of Lil in contact with Li metal [5-7]. As discussed 
above, another way to improve the conductivity is by doping lithium oxides into Li2S + GeS2 
binary glasses and the conductivity increases and shown in Table 4.1. For example, the 
addition of 3 mol % of LisPC^ (or 4 mol % of Li^SiG^ to a Li2S + GeS2 glass system 
significantly increases the conductivity and gives the glass good chemical stability in contact 
with Li metal [8, 17]. Such improvements in the ionic conductivity have been reported to be 
the result of creating "preferential and structural changes by adding lithium oxide" [8, 10, 11]. 
However, it is not clear whether an increase in the conductivity of Li^PG^- or Li^SiG^-doped 
glasses is the result of increasing the lithium content or the appearance of favorable structures 
for the conductivity in the glass matrix. 
To eliminate the added complication of the Li oxysalt addition increasing the Li-
concentration, GeOz was added systematically to the FIC O.SLizS + O.SGeSa glass system. 
We have already reported on the structural changes to the base O.SLizS + O.SGeSz glass 
caused by the addition of GeOa using IR and Raman spectra spectroscopy [21]. It was found 
that when GeOi replaces GeSz in 0.5Li2S + O.SGeSi, which consists of germanium tetrahedra 
having two bridging and two non-bridging sulfurs, the bridging sulfurs are replaced by 
oxygen atoms to form bridging oxygens. After replacing all of the bridging sulfurs in the 
glass, further addition of GeO; leads to the formation of non-bridging oxygens. 
In this work, the ionic conductivities of OJLiaS + 0.5[(l-x)GeS2 + xGe02] glasses 
have been investigated. It was found that a 5 mol% addition of GeOi improved the ionic 
conductivity of the 0.5Li%S +0.5GeS2 glass, but further additions of Ge02 decreased the ionic 
conductivity. Since the amount of Li+ ions in the glass was purposefully held constant with 
this substitution, the observed increase in the conductivity must be caused by purely 
structural changes in the glass. The relationship between the structural changes caused by 
the addition of GeC>2 as previously examined by IR and Raman spectroscopy (Ge not being 
an NMR active nuclei) and ionic conductivities in 0.5Li2S + 0.5[(l-x)GeS2 + xGeCy glasses 
will be correlated in an effort to determine the structural origin of the anomalous conductivity 
increase in these glasses. 
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4.2 Experiments Section 
4.2.1 Sample preparation 
Vitreous GeSz was prepared by mixing and reacting stoichiometric amounts of 
germanium (Cerac, 99.999%) and sulfur (Cerac, 99.999%) in an evacuated silica tube. The 
silica tube was rotated at ~ 5 rpm at an angle of ~10° in a tube furnace and heated at 1 °C/min 
to 900 °C, held for ~ 8h, and then quenched in air. 
Ternary Li%S + GeSz + GeO? glasses were prepared by melting stoichiometric 
amounts of Liz S (Cerac, 99.9%), GeSz, and GeOz (Cerac, 99.999%) starting materials. They 
were mixed and then placed in a covered vitreous carbon crucible and heated for 5 minutes 
between 900 and 1000 °C inside a hermetically sealed tube furnace attached to the outside of 
a nitrogen-filled glove box (< 0.1 ppm Oz and < 0.5 ppm H2O). Although the vapor pressure 
of both LizS and GeSz is high, the vapor pressure of the mixture seems to be dramatically 
decreased when Li2S and GeSz powders are mixed well and melted, especially for high LizS 
content glasses. Weight losses of the samples after melting for 5 minute were observed to be 
less than 2 % for all samples. Therefore, the batched glass compositions are not significantly 
changed during melting and cooling. The molten samples were poured onto a brass mold 
held 30 to 50 °C below the glass transition temperature (~ 300 °C, see Table 4.2), allowed to 
anneal for lh, and then cooled to room temperature at a rate of 1 °C/min. Homogeneous 
disc-type bulk glasses, ~1.5 mm in thickness and ~18 mm in diameter, were prepared in this 
manner. The color changed from transparent yellow to white-yellow with increasing GeOz 
concentration as shown in Fig. (4.1). 
4.2.2 Density measurements 
Density measurements were performed using the Archimedes method inside the glove 
box using kerosene as the suspending liquid [22]. The dry mass of the sample was first 
recorded, and then the mass of the sample was taken submersed in liquid kerosene. Each 
composition was measured individually three times using different pieces from the same 
sample. The density values were found by averaging the three measurements taken for each 
composition. The error in the density measurements were estimated by including the largest 
and smallest values measured. 
4.2.3 Ionic conductivity measurements 
The thin disc glasses were dry polished to 4000 grit inside the glove box to improve 
the electrode/glass contact surface, sputtered with ~5 mm diameter gold electrodes (~ 1 pm 
thick), and placed into an airtight sample chamber for the conductivity measurements. The 
sample chamber was designed to be able to cover the temperature range of -190 to 500 °C in 
helium gas atmosphere for air-sensitive samples [23]. The chamber works by passing helium 
gas through a liquid nitrogen-cooled cooper coil, through a process tube heater, then finally 
into the sample compartment. The sample chamber was then connected to a previously 
calibrated Solarton 1260 Impedance Gain-Phase Analyzer to measure the magnitude and 
phase angle of the impedance of the sample. The complex impedance of the samples was 
measured from -50 to 200 °C over a frequency range from 0.01 Hz to 10 MHz using an 
amplitude voltage of 0.05 V across the sample. 
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4.3 Results and Discussion 
4.3.1 Preparation of bulk glass discs for ionic conductivity measurements 
For ionic conductivity measurements, homogeneous disc-type glasses (-1.5 mm thick 
and 18 mm diameter) of O.SLiaS + 0.5[(l-x)GeS2 + xGeOa] compositions have been prepared 
by quenching the melts on the hot plate mold followed by annealing for 1 h and then cooling 
them to room temperature at 1 °C/min in N2 glove box. However, the x = 0 (O.5U2S + 
0.5GeS2) glass disc couldn't be prepared using this method because it completely crystallized 
on anealing as shown in Fig. (4.1-a). In our previous work, thin glass pieces of the 0.5Li2S + 
0.5GeS2 could be prepared by rapidly quenching the melts between two cold plates for IR 
and Raman measurements [21], but these glass pieces were too small to be used for ionic 
conductivity measurements. However, conductivity measurements on disc-shaped glass 
pieces of 0.5Li2S + 0.5GeS2 with 8 to 10 mm in diameter and 1 to 2 mm thickness have been 
reported in the literature produced by rapid quenching methods [13]. It was also reported 
that a twin roller quenching technique [14], which enables a cooling rate faster than that of a 
rapid air quenching or liquid nitrogen quenching, provided a flake-type glass with - 50 jam 
thickness for conductivity measurements. However, in our experience quenching the melts 
on a heated brass plate mold in the N2 glove box was not fast enough to prepare a suitable 
bulk glass for ionic conductivity measurements. 
Therefore to provide accurate data for the x = 0 composition conductivity point on 
samples prepared in exactly the same manner, a series of lower alkali content of glasses 
ZU2S + (l-z)GeS2 glasses, with z = 0.35, 0.4, and 0.45 were prepared to provide an accurate 
value for the x = 0 glass by extrapolation. When GeC>2 is added to this glass, good 
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transparent bulk glasses could be prepared as shown in Fig. (4.1). The color changed from 
transparent yellow to white-yellow with increasing GeOa concentration. 
4.3.2 Ionic conductivities of O.SLizS + 0.5[(l-x)GeS2 + xGeOz] glasses 
Fig. (4.2) shows typical complex impedance plots for the x = 0.1 (0.5 Lia S + 0.45GeSi 
+0.05GeC>2) glass. The semicircle at high frequency represents the bulk response of the glass 
to an applied electric field. The bulk resistance was obtained from the intersection of the 
semicircle with the real (Z') axis at the lower frequency side. The obtained resistances were 
converted to the d.c. conductivities using the cell constant (sample thickness/electrode area) 
of the prepared glasses. The beginning of a second arc seen at lower frequencies is believed 
to be due to space charge polarization effects at the electrodes. 
The temperature dependence of the ionic conductivities for the 0.5Li%S + 0.5[(1-
x)GeSi + xGeOa] glasses are presented in Fig. (4.3). For all glass samples, the conductivity 
increases following an Arrhenius behavior, a (T) = o0exp(-AEa/RT), over the measured 
temperature range. The activation energy of conduction, AEa, was calculated from the slope 
obtained from the log(o) versus 1/T plot. These values are listed along with the 
conductivities at room temperature in Table 4.2. In the case of the O.SLiaS + 0.5GeS% glass, a 
suitable bulk glass for conductivity measurements couldn't be prepared by our quenching 
method as described above. However, the conductivity and activation energy of this 
composition glass have been reported in the literatures [13, 14]. The conductivities (025'c) of 
the O.SLiaS + O.SGeSa glass prepared by rapid quenching and twin roller quenching methods 
were reported to be 4.0 x 10~5 and 3.5 x 10~5 (S/cm), respectively. Since these values were 
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quite similar each other, the conductivity of this glass may not strongly depend on the 
cooling rate. However, the activation energy of 0.5Li2S + 0.5GeS2 glass was significantly 
affected by the quenching rate [14]; 0.51 eV for the glass prepared in rapid quenching 
method and 0.35 eV for the glass prepared in twin roller quenching method. A similar 
behavior was also observed in silicate glasses where an increase in cooling rate was found to 
decrease the activation energy [24]. 
Hence, to more accurately determine the activation energy and conductivity of the 
binary 0.5Li2S + 0.5GeS2 glass so that it can be compared with the value of our oxy-sulfide 
glasses prepared using our quenching method, zLi2S + (l-z)GeS2 (z = 0.35, 0.4, and 0.45) 
glasses have been prepared using the identical quenching and annealing process that were 
used to prepare the oxy-sulfide glasses. All the glasses in this study were carefully prepared 
using the same quenching rate, annealing temperature and time, and cooling rate to room 
temperature to minimize the effect of quenching rate on activation energy. Fig. (4.4) shows 
the conductivities and activation energies of the zLi2S + (l-z)GeS2 (z = 0.35, 0.4, and 0.45) 
glasses and these values are listed in Table 4.3. From these data, an ionic conductivity of ~ 
4.3 x 10"5 (S/cm) and the activation of ~ 0.385 eV are extrapolated for the 0.5Li2S + 0.5GeS2 
glass as shown in Fig. (4.4). This conductivity is very comparable with 4.0 x 10~5 and 3.5 x 
10"5 (S/cm) previously reported in the literature. However, the activation energy of ~ 0.385 
eV is different from those (0.35 and 0.54 eV) reported in the literature and in most likely 
caused by the different quenching rate used in the different studies. 
The ionic conductivity at 25 °C (-4.3 x 10"5 (S/cm)) of the 0.5Li2S + 0.5GeS2 (x = 0) 
glass is improved to 1.5 x 10"4 (S/cm) by addition of 5 mol% of Ge02. However, further 
additions of Ge02 monotonically decrease the conductivity (a25«c) as shown in Fig. (4.5). At 
the same time, the activation energy first decreases when 5 mol% of Ge02 is added, but it 
then increases with increasing Ge02 contents (Fig. 4.5). However, in (1-x) (0.6Li2S + 
0.4SiS2) + xLi4Si04 glasses, the addition of 5 mol% of Li4Si04 to the 0.6Li2S + 0.4SiS2 glass 
increased the ionic conductivity and also increased the activation energy [10, 25, 26]. 
Tatsumisago et al. [10] suggested that such enhancement of lithium ion conductivity was 
caused by the appearance of a unique glass structure. On the other hand, Kawakami et al. 
[25] reported that the increased ionic conductivity was due to increasing the concentration of 
mobile Li+ ions by doping 5 mol% of In our case, since the amount of Li+ ions is 
constant and the activation energy initially decreases with added oxygen, the observed 
improvement in the conductivity must be caused by a structural change to the glass which in 
turn leads to a decrease in the activation energy. 
4.3.3 Structure effects on the activation energy 
In our previous work, the structures of 0.5Li2S + 0.5[(l-x)GeS2 + xGe02] glasses 
were investigated using Raman and IR spectroscopy [21]. The binary 0.5Li2S + 0.5GeS2 
glass consists of germanium tetrahedral units with two bridging and two non-bridging sulfurs 
(Fig. 4.6-a). When Ge02 is added to the 0.5Li2S + 0.5GeS2 glass, it was found that the added 
oxygen atoms replace the bridging sulfur atoms first instead of the non-bridging sulfur atoms. 
In other words, the oxygen ions favor the higher field strength Ge4+ cation over the lower 
field strength Li+ cation to form bridging oxygens with the Ge4+ cations rather than to form 
non-bridging oxygens with the Li+ cations. Fig. (4.6-b) shows the structural unit of 0.5Li2S + 
0.45GeS2 + 0.05Ge02 glass which consists of germanium tetrahedra with one bridging 
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oxygen, one bridging sulfur, and two non-bridging sulfurs. Because the Li+ ions are still 
associated with the sulfur units, which helps to maintain their high mobility in the 5 mol% 
GeOz doped glass, the ionic conductivity is not diminished. On the other hand, had the small 
amounts of oxygen atoms introduced to the glass structure created non-bridging oxygen 
atoms, the conductivity would be expected to decrease since non-bridging oxygens are 
known to be a strong lithium ion traps [27] and a higher conductivity would not be expected 
in the 0.5Li%S + 0.45GeSa + O.OSGeOi glass. Therefore, the creation of the bridging oxygens 
by the addition of GeOz with the non-bridging sulfurs may be the major cause of increase of 
conductivity. 
To obtain a deeper understanding of the increase in the conductivity of the 0.5 Lia S + 
OASGeSa + O.OSGeOa glass as a result of structural changes to the glass, the Anderson and 
Stuart model [28] has been considered. In alkali ion conducting alkali silicate glasses, 
Anderson and Stuart suggested that the total activation energy, AEact, is the result of two 
contributions; 
where AEB is the electrostatic binding energy and AEs is the strain energy. The electrostatic 
contribution, AEB, is the energy required to separate the mobile cation ion from its charge-
compensating anion site and was given the form; 
AEact — AEB + AEs (1) 
i r zzy zzy ' (2) 
where y is a covalence parameter related to the deformability of the oxygen ion (in oxide 
glasses); Ze and ZqC are the electrical charges of the lithium and oxide ions, respectively; r 
and r0 are the ionic radii of cation and oxide (in a oxide glass) ions, respectively; X is the 
jump distance. In the case of 0.5Li2S + 0.45GeS2 + O.OSGeO? glass, AEB is the energy 
required to separate the Li+ ion from the non-bridging sulfur to which it was bonded and 
move it half-way to an adjacent non-bridging sulfur and the various distance and parameter 
would be changed to value approximate for a sulfide glass. 
Martin and Angell [29] have presented an energy landscape interpretation of the 
Anderson and Stuart energy barrier model and this is shown in Fig. (4.7). The y parameter is 
used to determine the covalent nature of O (S)—Li bonds. In the special case of these 
particular glasses, the modifier Li contents are not changed with the addition of Ge02 to the 
0.5Li2S + 0.5GeS2 glass and hence the covalent nature of the S—Li bonds would be constant, 
which would yield a constant y value. The jump distance, X which normally decreases with 
increasing modifier content, is related to the distance between two non-bridging sulfurs ions 
in the glasses. Again, in the case here where the total modifier content is unchanged, the 
jump distance (X,) is also considered to be constant (or at most change slowly and 
monotonically). Since we have given reasonable evidence to suggest that the terms in the 
binding energy are unchanged (or change little) with added GeO?, the binding energy term 
can be considered to be constant when 5 mol% of Ge02 is added to 0.5Li2S + 0.5GeS2 glass. 
Therefore, this leads us to consider the strain energy term to be the only probable cause of the 
decrease in total activation energy which in turn leads to the increase in the conductivity. 
104 
The strain energy, AES, is the energy required to strain the 'doorways' in the structure 
large enough for the mobile ions to pass through them. Anderson and Stuart have 
approximated the strain energy using Frenkel's equation [30], but this has been revised by 
McElfresh et al. [31] to give a better approximation to strain energy during conduction event 
[32]: 
AEg = %r-G(r - ^ )'(A/2) (3) 
where r is the cation radius, rD is the "doorway" radius in the glass, G is the shear modulus of 
the glass, and X is the jump distance of the diffusing species. The two terms in the strain 
energy that would be considered to change the most with the addition of GeO? to the O.SLiaS 
+ GeS% glass would be G and % The jump distance would change very little since the 
concentration of Li+ ion remains the same. While neither of these former values is known 
exactly for these glasses, we can make reasonable arguments for how they would change 
with added GeCb. Since the shear modulus G normally follows the glass transition 
temperature [32, 33], the trends of the shear modulus can be expected from changes of the 
glass transition temperatures with increasing GeO? concentration in 0.5Li%S + O.SGeSa glass. 
As seen in Table 4.2, the glass transition temperatures increases only slightly with increasing 
GeOa content in 0.5Li%S + 0.5[(l-x)GeS2 + xGeO?] glasses so it is expected that the shear 
modulus would increase slightly as well. Hence, a decreasing G value with added GeO% is 
not likely the cause for a decrease in the strain energy. 
Therefore, the "doorway" radius (ro) is considered to be a likely factor for decreasing 
the strain energy, resulting in the decrease in the total activation energy. The doorway radius 
can be calculated using Eq. (3) if the jump distance (1), the shear modulus (G), and the strain 
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energy are obtained. The jump distance (X) is estimated to be 3.96 À from the alkali ion 
concentration and the molar volume of the glasses. For example, for the 0.5Li2S + 0.5GeS2 
glass, Nu+ (number of Li ions per unit volume) = mole of Li+ / molar volume of the glass = 
1.625 x 1022 LiVcm3. Then, VLi+ (the volume occupied by one Li+ ion) = 1/(1.615% 1022 
Li+/cm3) = 0.619 x 10"22 cm3/Li+. When it is assumed that each lithium atoms occupy the 
center of cubic lattice, the distance between Li+ ions (dy+) = (Vu+)1/3 = (0.619 x 1022 cm3)1/3 
= 3.96 Â. Unfortunately, the shear modulus (G) has not been measured for this glass system, 
but an estimate can be obtained from the shear modulus (2xl010 (N/m)) of Ag2S + GeS2 
system [34] because the glass transitions of Li2S + GeS2 system are similar to those of Ag2S 
+ GeS2 system [35]. We assumed in the above discussion that the binding energy term of the 
x = 0 glass does not change significantly with small additions of Ge02 content because the 
covalent nature (y) of the S"—Li+ bonds and the jump distance (X) of the Li+ ions are thought 
to be approximately constant. However, for the x > 0.5 glasses, y would be changed since 
the non-bridging oxygen appear [21]. Therefore, if we know (or can estimated) the binding 
energy for the x = 0 glass, the strain energies of x = 0.1, 0.2, and 0.4 glasses can be obtained 
by subtracting the binding energy for the x = 0 glass from their total activation energies. 
Alternatively, when the strain energy of the x = 0 glass is assumed to be -0.07 eV (it has 
been estimated to be 0.07 eV for Ag2S + GeS2 glass [34]), the strain energies for the x = 0.1, 
0.2, and 0.4 glasses can be estimated to 0.043, 0.057, and 0.076 eV, respectively and these 
results are shown in Table 4.4. By using the above jump distance (estimated from cation 
concentration and molar volume), shear modulus and the strain energies, the doorway radii 
for the x = 0.0, 0.1, 0.2, and 0.4 glasses were calculated using Eq. (3). For example, the 
doorway radius of 0.5Li2S + 0.5GeS2 glass (x = 0.0) glass is 0.30 À. This increases to 0.37 À 
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by adding 0.05 Ge02. Further additions of GeO? decrease the doorway radius; 0.33 Â for 0.1 
Ge02 and 0.29 À for 0.2 Ge02. Different strain energy values between 0.04 eV and 0.20 eV 
were then used to determine the trends of doorway radius with increasing Ge02 as shown in 
Fig. (4.8). For all of the different strain energies, the doorway radii increases with the 
addition of 0.05Ge02 and then decrease gradually by further additions of Ge02. 
We have shown that Ge02 additions cause the formation of bridging oxygens in the 
0.5Li2S + 0.45GeS2 + 0.05Ge02 glass (Fig. 4.6). Since the replaced oxygen atoms are 
smaller than the sulfur atoms, we believe that this may lead to an increased "doorway" radius 
(rD). A pictorial representation of this effect is shown in Fig. (4.9). To observe this effect 
from the point of view of the local structure of the glasses, the structure of the 0.5Li2S + 
0.5GeS2 glass is first regarded as a quasi-dense packing of the sulfur (network-forming) 
anions based on the analogy to Elliott's assumption [34]. In this structure, the germanium 
(network-forming) cations occupy some of the interstices in the network and the conducting 
Li+ ions occupy other interstices. Based on the crystal structure of Li4GeS4 [36], the Li+ ions 
are assumed to occupy the regular tetrahedral sites in network structure of the 0.5Li2S + 
0.5GeS2 glass. Then, the Li+ ionic conduction path can be envisioned within ion jumps from 
one tetrahedral interstice, through one of the triangular faces of the tetrahedron, to the 
neighboring tetrahedral interstice as shown in Fig. (4.9-a). Three sulfur anions on the 
triangular face comprise the doorways and the schematic diagram of the doorway site at the 
center of the triangular face is shown in Fig. (4.9-b). The doorway radius can be estimated 
from the geometry of a tetrahedron. The doorway radius for the 0.5Li2S + 0.5GeS2 glass is 
calculated to be 0.29 À when a Li-S bond distance of 2.3 À and S2~ ionic radius of 1.84 À are 
used. Li-S bond distances range from ~2.3 to ~2.6 Â in the crystal structure of Li4GeS4 [36] 
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and 2.3 À is used in this works. Surprisingly, 0.29 Â is very similar to the doorway radius 
(0.30 Â) obtained using Eq. (3) with the strain energy of 0.07 eV. 
In the case of the x = 0.1 glass, since 6.7 % of the sulfur atoms are replaced by the 
oxygen atoms, some of tetrahedra in the structure will consist of one oxygen anion and three 
sulfur anions. When the Li+ ion moves through the triangular face containing one oxygen 
anion with two sulfur anions (Fig (4.9-c)), the doorway radius is calculated to be 0.40 À 
when the same Li-S bond distance of 2.3 Â, S2~ ionic radius of 1.84 Â, and O2 radius of 1.4 
Â are used. This value is very comparable to the doorway radius (0.37 À) for the O.5Li2S + 
0.45GeS2 + O.OSGeOa glass which was calculated using Eq. (3) with the strain energy of 0.07 
eV. For the x = 0.2 glass containing 13.3 % of the oxygen atoms, although most of the 
doorway sites are still comprised of two sulfur anions and one oxygen anion (Fig. (4.9-c)), 
the number of the doorway sites consisting of two oxygen anions and one sulfur anion would 
increase. In this case, the calculated doorway radius slightly decreases from 0.37 to 0.33 Â. 
This value is still larger than that of x = 0 glass. 
These changes in the doorway radii are very consistent with the changes in the free 
volume (V free ) calculated for the glasses. V fm is calculated by subtracting the estimated 
atomic volume of the constituent elements in the glass from the molar volume of the glass. 
Values of Vmotm-, Vatomic, and Vfree are given in Table 4.2 and they are also shown in Fig. 
(4.10). From Table 4.2, it is seen that for the x = 0 glass, V free is 13.09 cm3/mol and it 
increases slightly to 13.21 cm3/mol for the x = 0.1 glass, but it then decreases slightly to 
13.16 cmVmol for the x = 0.2 glass. These values suggest that the network structure is 
opened slightly by the addition of O.OSGeOz, but is collapsed by further additions of GeOz. 
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Therefore, for the x > 0.4 glasses, the ¥/,•«,> is observed to sharply decrease as shown in Fig. 
(4.10), which is consistent with the sharp increase in the glass transition temperature 
regarded as measure of the shear modulus. The doorway site for higher Ge02 content glasses 
is therefore proposed to be predominately comprised by one sulfur and two oxygen anions as 
shown in Fig. (4.9-d) because the glasses contain more than 26.7 % of oxygen atoms and the 
tetrahedron would be expected to consist of two oxygen and two sulfur anions. The decrease 
in the calculated doorway radius, the sharp decrease in the free volume, and the increase in 
the glass transition temperature strongly suggests that the network structure collapses by 
substituting additional oxygens beyond x = 0.05 for sulfur atoms. 
It is also significant to note that for x > 0.5 glasses, the binding energy (AEB) term is 
likely not expected to be constant (as it has been assumed for the x < 0.5 glasses) because the 
non-briding oxygens, strong Li+ ion traps, would begin to appear for these more highly 
modified glasses. In addition, the strain energy would be expected to increase due to further 
decreases in the doorway radius and increases in the shear modulus. These trends may lead 
to the sharp increase in the total activation energy and hence the sharp decrease in the Li+ 
conductivity. 
4.4 Conclusions 
0.5Li2S + 0.5[(l-x)GeS2 + xGeCb] glasses have been prepared and the effect of added 
Ge02 on the conductivity has been studied. For the 0.5Li2S + 0.5GeS2 (x = 0) glass, because 
a bulk glass disc couldn't be prepared, the ionic conductivity at room temperature and 
activation energy were extrapolated from those of zLi2S + (l-z)GeS2 (0.35 < z < 0.45) 
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glasses. The addition of 5 mol% of Ge02 to the 0.5Li2S + 0.5GeS2 glass increases the ionic 
conductivity while decreasing the activation energy. Further addition of Ge02 monotonically 
increases the activation energy and decreases the conductivity. Unlike other oxy-sulfide 
glasses such as Li2S + SiS2 + LixMOy where LixMOy = U3PO4, Li4$i04, LijBOs, Li4Ge04, 
the amount of Li+ ions is constant in our glass system so that the effect of variable Li+ ions on 
conductivity is excluded from the investigation and hence also as a cause of enhanced 
conductivity in the 0.5Li2S + 0.45GeS2 + 0.05Ge02 glass. The Anderson and Stuart model 
has been used to explain a decrease in the activation energy when 5 mol% of Ge02 is added 
to the 0.5Li2S + 0.5GeS2 glass. A slightly increasing "doorway" radius in the strain energy 
term is proposed as cause of the decreasing activation energy, which results in increasing 
ionic conductivity. The estimated doorway radius from an analysis of the local structure of 
these glasses strongly supports the above hypotheses. 
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Table 4.1. Various GeS2-based lithium sulfide glasses exhibiting high ionic conductivity 
Compositions o25"c(S/cm) 
AEact 
(eV) 
Glass 
type 
Ref 
0.5 Li2S - 0.5 GeS2 4.0 xlO'^ 0.51 R 12 
0.63 Li2S - 0.37 GeS2 1.5 xlO^ 0.34 T.R 13 
0.3LizS - 0.45GeS2 - 0.25SiSi 1.7 xlO"4 0.33 T.R 14 
0.526LizS - 0.21 !GeS2 - 0.263GazS3 1.6x10^ G.F 15 
0.58Li2S - 0.39GeS2 - 0.03Li3P04 3.0x10^ L.N 8 
0.48Li2S - 0.48GeS2 - 0.04Li4Si04 3.4 xlQ^ T.R 16 
0.24 Li2S - 0.36 GeS2 - 0.40 Lil 1.2x10^ 0.47 R 17 
0.24Li2S - 0.36GeS2 - 0.36L1I - 0.04LiBr 2.0x10^ 0.48 R 18 
0.225LizS - 0.225GeSz - 0.5LÎI - O.OSGazS; 1.7 xlO'3 0.31 R 19 
R: room temperature quenching; T.R: twin roller quenching; G.F: glassy thin film; L.N: 
liquid nitrogen quenching 
I l l  
Table 4.2. Glass transition, density, molar volume, atomic volume, free volume, ionic 
conductivity at room temperature, and activation energy for O.SLizS + 0.5[(l-x)GeSi + 
xGe02). 
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Table 4.3. Ionic conductivities at room temperature and activation energies for zLi2S + (1-
z)GeSz glasses, z = 0.35, 0.4, and 0.45 glasses were prepared at identical conditions the oxy-
sulfide glasses have taken to extrapolate the conductivity and activation of x = 0.5 glass. 
Compositions o25°C (S/cm) 
AEa (eV) 
(±0.006) 
logo0 
(±0.08) 
0.35Li2S + 0.75GeS2 5.08 x 10"* (4.33 x 10^) [37] 
0.44 
(0.46) [37] 2.14 
0.4Li2S + 0.6GeS2 2.32 x 10'S 0.43 2.02 
0.45Li2S + 0.65GeS2 
2.95 x 10'S 
(3.07 x 10^) [37] 
0.40 
(0.41) [37] 1.92 
0.5LiiS + 0.5GeSz -4.26X 10'^* -0.385 * -1.80* 
* extrapolated value 
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Table 4.4. The estimated doorway radii of 0.5Li2S + 0.5[(l-x)GeS2 + xGe02] glasses when 
the strain energy of x = 0.0 glass is assumed to be 0.07 eV; The expected shear modulus of 
the glasses: G - 2xl010 (N/m2), The jump distance of Li+ in the glasses: X = 3.96 Â, The 
ionic radius of Li: r(Li+) = 0.6 À 
xGe02 0.0 0.1 0.2 0.4 
AS/, (eV) 0.385 0.358 0.372 0.391 
AEs (eV) 0.315 0.315 0.315 0.315 
AEs (eV) 0.07 0.043 0.057 0.076 
RD (A) 0.30 0.37 0.33 0.29 
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Figure 4.1. Disc-type glasses -1.5 mm thick and -18 mm diameter for 0.5Li2S + 0.5[(1-
x)GeS2 + xGe02]; x = 0.0 (a), 0.1 (b), 0.2 (c), 0.4 (d), and 0.6 (e) from left. The 0.5Li2S + 
0.5GeS2 (x = 0.0) glass completely crystallized on normal quenching. The x = 0.2 glass (f) 
was sputtered with gold electrodes —5 mm diameter for ionic conductivity measurements. 
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Figure 4.2. Nyquist plot of the complex impedance for the 0.5Li2S + 0.45GeS2 + 0.05Ge02 
glass. The frequency increases for each point from right to left starting at 0.1 Hz and 
finishing at 10 MHz. 
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Figure 4.3. Variation of the ionic conductivity with temperature for 0.5Li2S + 0.5[(l-x)GeS2 
+ xGe02) glasses and compared with that of 0.5Li2S + 0.5GeS2 glass prepared by twin roller 
quenching [14] and rapid quenching methods [13]. The slopes of the Arrenius plots for 
0.5Li2S + 0.5GeS2 glass are very different depending on the quenching rate, which give 
different activation energies. 
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Figure 4.4. Extrapolated ionic conductivities and activation energies for the O.SLizS + 
O.SGeSa glass from those of zLi2S + (l-z)GeS2 glasses (z = 0.35, 0.4, 0.45). 
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0.5LL S + 0.5[(1-x)GeS. + xGeOJ 
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Figure 4.5. The ionic conductivities (o25»c) and activation energies (AEa) for the 0.5 Lia S + 
0.5[(l-x)GeS2 + xGeOa] glasses (0.1 < x < 0.8). Data for the x = 0 glass was obtained by 
extrapolation in Fig 4.4. 
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Figure 4.6. The structural units for (a) O.SLiaS + O.SGeSa glass and (b) 0.5 Lia S + 0.45GeSz + 
O.OSGeOz glass. Added GeCb to O.SLiiS + O.SGeSa glass causes the formation of Ge-O-Ge 
bridging units. 
Figure 4.7. Simplified pictorial view of the ionic conduction energy for O.SLizS + 0.45GeSz 
+ O.OSGeOa glass (after Martin et al. [29]). Ionic conduction requires the electrostatic 
binding energy (AEg) to separate the Li+ ion from its charge compensating anion site and 
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move to next site and the strain energy (AES) to open up doorways (rD) in the structure large 
enough for the ions to pass through. 
0.6-, 
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Figure 4.8. The calculated doorway radii of 0.5Li2S + 0.5[(l-x)GeS2 + xGeCb] glasses when 
the strain energy of x - 0.0 glass is assumed to range from 0.04 to 0.2 eV. 
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O Li 
O s 
O Doorway 
Figure 4.9. (a) Schematic diagram of the tetrahedral (consisting of sulfide anions) site where 
the Li+ ion is located: The Li+ ionic conduction path is from the centroid of the tetrahedral 
site, through one of the triangular faces comprising the door way and to the centroid of the 
neighboring tetrahedral site, (b) Schematic diagram of the doorway site at the center of the 
triangular faces consisting of three sulfur anions. The doorway radius is calculated to be 0.29 
Â. (c) The doorway site comprised by two sulfur anions and one oxygen anion. % = 0.4 Â. 
(d) The proposed doorway site for x > 0.4 glasses. It is comprised of one sulfur and two 
oxygen anions with a more collapsed structure, which produces a smaller doorway radius. 
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Figure 4.10. The calculated free volumes ( V free ) of O.SLiiS + 0.5[(l-x)GeS2 + xGeOa] 
glasses obtained by subtracting the estimated atomic volumes ( V atomic ) of the constituent 
elements from the molar volumes ( Vmoiar ). 
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5 IONIC CONDUCTIVITIES OF VARIOUS GeS2-BASED OXY-
SULFIDE GLASSES PREPARED BY MELT-QUENCHING AND 
MECHANICAL MILLING METHODS 
A paper submitted to Solid State Ionics, May, 2006 
Youngsik Kim and Steve W. Martin* 
Abstract 
We have previously explored the U2S + GeSz + Ge02 system to determine the 
specific effect of added GeO% to a base 0.5LizS + O.SGeSa glass composition. In this new 
study, we report the conductivities of these Li^S + GeSz + GeOz glasses over their full glass 
forming range to more fully optimize the ionic conductivity. In addition to this study of bulk 
glasses, we have also studied the effect of creating powders of the bulk glasses and compared 
the conductivities of the bulk glasses to those of compacted powders. This latter study is 
relevant due to the fact that in most battery applications powders are the form of choice in 
forming battery stacks. Since we used the mechanical milling technique to produce the 
powders, we extended this study to determine the extent to which the amorphous range could 
be expanded using the mechanical milling technique. Having access to these extended 
compositional range materials, we were able to extend all examinations of the role of 
composition, powder size, and compaction of the sample on the conductivity and we 
compared these results to those of the bulk glass samples. 
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5.1 Introduction 
Since lithium ion conducting glasses have been considered as one of the more 
promising solid electrolytes for solid state lithium batteries, much attention has been focused 
on sulfide glasses due to their high ionic conductivities. Lil-doped sulfide glasses, such as 
the Lil + Li2S + P2S5 [1], Lil + Li2S + B2S3 [2], Lil + Li2S + SiS2 [3], Lil + Li2S + GeS2 + 
Ga2S; [4, 5], and Lil + Li2S + GeS2 + La?S3 [5] systems, so called fast ionic conducting (FIC) 
glasses, have ionic conductivities of ~10"3 S/cm at room temperature. However, it has been 
found that Lil-doped glasses are unstable in contact with Li metal when used as an anode and 
a decrease in the cell performance occurs for lithium batteries fabricated using these Lil-
doped electrolytes [6-9]. The addition of iodides to the glass compositions also tends to 
decrease the chemical durability and thermal stability of the glasses [5], 
To circumvent the problem caused by Lil-doping, other strategies have been tried. 
For example, it has been found that small amounts of lithium oxysalts, LixMOy, where 
LixMOy = L13PO4, L14S1O4, Li3BÛ3, Li4Ge04, doped into the Li2S + SiS2 glass system is 
effective in increasing the stability toward Li metal combined with maintaining the 
conductivity in the range 10"3 to 10"4 S/cm at room temperature [9-11]. It is presumed that 
the greater electrochemical stability of the added oxide phase helps to improve the stability of 
these oxy-sulfide glasses in contact with high activity anodes. These oxy-sulfide glasses 
have been normally prepared by the twin roller rapid quenching method. However, since the 
preparation of these materials required great care and a high purity glove box due to their 
reactivity with air and silica containers, mechanical milling methods have been considered as 
more convenient [11]. The mechanical milling of the mixture of starting materials is 
typically conducted using a high-energy planetary ball mill at room temperature. Normally, 
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~ 20 h of milling produces amorphous materials as indicated by the XRD powder pattern. 
The ionic conductivities of the oxy-sulfide amorphous materials prepared by mechanical 
milling have been found to be almost the same as that of corresponding glasses prepared by 
melt-quenching [11]. In addition, the resulting fine-grained powders produced by 
mechanical milling can be directly used as the solid electrolyte layer in a compressed solid 
state cell by pressing the battery layer into a pellet. The mechanical milling process has been 
also reported to expand the glass forming range by amorphorizing mixtures of starting 
materials which could not ordinarily be prepared by the melt-quenching method. For 
example, in the binary Li2S + P2S5 system, the high Li2S content amorphous material, 
0.8Li2S + O.2P2S5, was prepared by the mechanical milling and exhibited an ionic 
conductivity of ~ 10"4 S/cm [12]. 
In our previous research [13], ternary bulk Li2S + GeS2 + Ge02 glasses were studied 
to explore the structural origin of the added oxide (Ge02) on the conductivity. Like other 
oxy-sulfide glasses, it was found that small initial (5 mol%) additions of Ge02 actually 
improved the ionic conductivity of the bare 0.5Li2S +0.5GeS2 glass, but further additions of 
Ge02 decreased the ionic conductivity. Based on the studies of the structure and physical 
and thermal properties of this glass system, we suggested that the "doorway" radius between 
adjacent cation sites, rp, increases slightly with the initial addition of oxygen to the bare all-
sulfide glass and this is proposed to be the major cause in decreasing the activation energy 
and thereby increasing the conductivity [13]. The air stability of GeS2-based sulfide [5] and 
oxy-sulfide [14] glasses were investigated in our previous work and they were found to be 
relatively stable in air compared to SiS2-based sulfide glasses. This feature was thought to 
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make GeS2-based glasses more practical candidates for future commercial utilization in Li 
batteries due to the ease of handling them in air. 
In this work, the ionic conductivities of the other glasses in the Li2S + GcS? + GeO? 
system have been investigated to find the glass(es) with the highest ionic conductivity. Since 
pressed powder pellets are used as solid electrolytes in all-solid state batteries, the ionic 
conductivities of pelletized powder glasses have been measured and compared with those of 
bulk glasses. The mechanical milling method has also been performed to prepare amorphous 
compositions in this system, which could not otherwise be prepared by melt-quenching. 
Finally, in an effort to increase the conductivity even further in this system, a variety of oxy-
salts and sulfide dopants have been added to the optimized bulk glasses and their ionic 
conductivities were measured. 
5.2 Experimental methods 
5.2.1 Sample preparation 
Vitreous GeS2 was prepared by mixing and reacting stoichiometric amounts of 
germanium (Cerac, 99.999%) and sulfur (Cerac, 99.999%) in an evacuated silica tube. The 
silica tube was rotated at ~ 5 rpm at an angle of-10° in a tube furnace and heated at 1 °C/min 
to 900 °C, held for 8h and then quenched in air. 
Ternary Li2S + GeS2 + Ge02 glasses were prepared by melting stoichiometric 
amounts of Li2S (Cerac, 99.9%), GeS2, and Ge02 (Cerac, 99.999%) starting materials. They 
were mixed and then placed in a covered vitreous carbon crucible and heated for 5 to 10 
minutes between 850 and 1100 °C (depending upon compositions; GeS2 rich compositions 
were melted at lower temperatures, whereas Ge02 rich compositions were melted at higher 
temperatures) inside a tube furnace attached to the side of a nitrogen-filled glove box (< 0.5 
ppm 02 and < 0.5 ppm H20). The molten samples were quenched between two brass plates 
at room temperature. The glasses were generally transparent with a reddish or yellowish 
color. In order to determine any crystallinity in the glass products, x-ray diffraction analysis 
was performed. Based on the XRD results, the glass forming range of the ternary Li2S + 
GeS2 + Ge02 system was determined as shown in Fig. (5.1). 
To prepare disc-type bulk glasses (-1.5 mm in thickness and -18 mm in diameter) for 
ionic conductivity measurements, the molten samples were quenched in a brass mold held 30 
to 50 °C below the glass transition temperature, allowed to anneal for lh, and then cooled to 
room temperature at a rate of 1 °C/min. 
To prepare powdered amorphous materials by mechanical milling, stoichiometric 
amounts (3 g) of crystalline Li2S and Ge02 and glassy GeS2 were placed into the sample 
container (zirconium oxide) with ten zirconium oxide balls (3 g in weight and 10 mm in 
diameter) inside a N2 glove box. The sample container was then sealed using a rubber O-ring 
and placed in a high-energy planetary mono mill (Model Pulverisett 6, Fritsch). The 
mechanical milling was performed with 300 rpm at room temperature for increasing periods 
of time, 0 to 100 hrs. 
5.2.2 Ionic conductivity measurements 
Thin discs of the glasses were dry polished to 4000 grit inside the glove box to 
improve the electrode and glass contact surface and then sputtered with ~5 mm diameter gold 
electrodes (~1 pm thick). For the powdered glasses, about 80 mg of each sample was 
pressed inside a 6.4 mm ID alumina tube using 500 MPa of pressure with pellet thickness 
ranging from 1-1.3 mm. Stainless steel electrodes were then pressed into the alumina tube 
containing the powder samples. The prepared assemblies were placed into an airtight sample 
chamber for the conductivity measurements [15]. The sample chamber was then connected 
to a previously calibrated Solarton 1260 Impedance Gain-Phase Analyzer to measure the 
magnitude and phase angle of the impedance of the sample. The complex impedance of the 
samples was measured from -50 to 200 °C over a frequency range from 0.01 Hz to 10 MHz 
using an amplitude voltage of 0.05 V across the sample. The typical complex impedance 
plots for the 0.7Li2S + 0.24GeS2 + 0.12GeO? glass is shown in Fig. (5.2). The semicircle at 
high frequency represents the bulk response of the glass to an applied electric field. The bulk 
resistance was obtained from the intersection of the semicircle with the real (Z') axis at the 
lower frequency side. The obtained resistance was converted to d.c. conductivities using the 
cell constant (sample thickness/electrode area) of the prepared glasses. 
5.2.3 X-ray diffraction 
The powder XRD data from finely ground samples were collected at 298 K using a 
Scintag XDS2000 diffractometer using Cu Ka radiation (k = 1.5406 A). It was operated at 
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40 kV and 30 mA in the 20 range of 10° - 70° in continuous scan mode with step size 0.03° 
and scan rate 2.0 deg/min. 
5.3 Results and discussion 
5.3.1 Ionic conductivities of bulk oxy-sulfide glasses 
A very broad glass forming range was observed in the Li2S + GeSo + Ge02 system 
and their structures and thermal and physical properties were studied in our previous work 
[13]. Figure (5.1) gives the glass forming range of this system using the quenching rate in 
this study. Homogeneous germanium oxy-sulfide glasses were synthesized over the full 
range of the GeS2 + Ge02 system [16]. Using the mixed glass former 0.6GeS2 + 0.4Ge02, 
the content of Li2S could be increased to 70 mol% and still be glass forming while only 50 
mol% of Li2S content could be added to pure GeS2 and still obtain glasses using our 
quenching rate. 
The temperature dependence of the ionic conductivities of the bulk xLi2S + (1-
x)(0.6GeS2 + 0.4Ge02) glasses were measured and shown in Fig. (5.3). For all glass samples, 
the conductivity follows an Arrhenius law, Gd.c. (T) = o0exp(-AEa/RT), over the measured 
temperature range. The activation energy of conduction, AEa, was calculated from the slope 
obtained by the log(ad.c.) versus 1/T plot. The conductivities at room temperature, the 
activation energies, and pre-exponential factors are listed in Table 5.1. As expected, the 
ionic conductivity at room temperature increases with increasing the Li2S content and 
reaches a maximum value of 4.36 x 10"4 S/cm at x = 0.7. 
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This high ionic conductivity makes this glass suitable for use as a solid electrolyte in 
lithium batteries. However, when a cell is fabricated using a bulk glass electrolyte and 
electrodes, the rough interface between the bulk electrolyte and the electrodes produces a 
large internal resistance in the cell and decreases the output voltage and current from the cell. 
In order to minimize the interface resistance by improving the contact between the solid 
electrolyte and the electrodes, finely ground powder electrolytes and electrodes were 
successively pressed under high pressure (-300 MPa). Using this method, laboratory-scale 
solid-state cells have been fabricated and their electrochemical properties have been 
investigated [11,17,18], 
As perhaps expected from the granular nature of pressed glassy electrolytes, these 
electrolytes also create an additional internal impedance arising from the (presumably) 
intergranular resistance. As a result, the conductivities of the pressed powder glass alone are 
substantially lower than the conductivities of the bulk glasses. For these reasons, we have 
examined the effect of powder processing of the glass on the conductivity in some detail. 
5.3.2 Ionic conductivities of the pelletized powder oxy-sulfide glasses 
Since powdered materials are more commonly used as solid electrolytes in all-solid 
state batteries as described above, the bulk oxy-sulfide glasses were finely ground and 
pressed under high pressure (-500 MPa) to form pelletized samples -1.5 mm thick and -6.4 
mm diameter. Figure (5.4) shows the temperature dependence of the ionic conductivity of 
the pressed glass powder of the 0.7Li2S + 0.18GeS2 + 0.12Ge02. It is compared to that of 
the corresponding bulk glass. The ionic conductivity of the pressed glass powder is 2.45 X 
10"5 S/cm at room temperature. This value is almost one order of magnitude lower than the 
ionic conductivity of the bulk glass (4.36 x 10~4 S/cm). The decrease in the ionic 
conductivity in the pressed powder sample is believed to be due to the existence of the grain 
boundaries between the individual glass grains. This ionic conductivity might be too low for 
the 0.7Li2S + 0.18GeS2 + 0.12GeC>2 glass to be used as a solid electrolyte in battery 
applications, so the search for higher ionic conducting glasses in Li2S + GeSo + Ge02 system 
was conducted and many glasses containing high contents of Li2S have been synthesized as 
shown in Table 5.2. 
It was reported in our previous work that the small (5 mol%) additions of Ge02 to 
the binary 0.5Li2S + 0.5GeS2 glass increased the ionic conductivity by opening larger the 
doorways (increasing the doorway radius, ro) radius in the network matrix so that the Li+ 
ions can move through the glass with a lower energy barrier. However, the ionic 
conductivity was observed to decrease by further additions of Ge02 in the 0.5Li2S + 0.5[(1-
y)GeS2 + yGe02] system because the open structure started to collapse and the non-bridging 
oxygen bonds (strong ion traps) appeared. However, the ionic conductivity can be improved 
by increasing the number of Li+ ions (by increasing the Li2S content) in the glasses. As 
described above, high content Li2S glasses can be synthesized by using mixtures of the glass 
formers GeS2 and Ge02. Hence, glass compositions in Li2S + GeS2 + Ge02 system have 
been optimized to search for the best ionic conducting glasses in this system. For example, 
the amount of Ge02 was decreased to 0.09Ge02 (y = 0.3) from 0.12Ge02 (y = 0.4) while 
keeping 70 mol% of Li2S in 0.7Li2S + 0.3[(l-y)GeS2 + yGe02) system to minimize the 
number of oxygen in the 0.7Li2S + 0.18GeS2 + 0.12Ge02 glass in which all oxygen are 
expected to form non-bridging oxygen. However, this doesn't affect the ionic conductivity 
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as shown in Table 5.2. Further decreases in the GeC>2 content leads to the formation of 
crystalline phases. In the 0.6Li2S + 0.4[(l-y)GeS2 + yGeCh] glass system, the amount of 
GeÛ2 can be decreased to ~4 mol% without forming crystalline phases and the ionic 
conductivity of the pressed glass powder sample is 1.05 x 10"5 S/cm. The ionic conductivity 
increases to 3.62 x 10"5 S/cm for the y = 0.08 glass, which turns out to be the highest ionic 
conductivity for the pressed glass powders in U2S + GeS2 + Ge02 system. As expected, the 
conductivities of the pressed glass powder are almost one order of magnitude lower than 
those of the corresponding bulk glasses. The ionic conductivities of bulk and pressed powder 
samples of many oxy-sulfide glasses are listed in Table 5.2. 
5.3.3 Preparation of oxy-sulfide glasses by mechanical milling method 
To improve the ionic conductivity by increasing the number of Li+ ions in the glasses, 
the preparation of extremely high Li2S content amorphous materials which could not be 
prepared by the melt-quenching method was investigated using the mechanical milling 
method [11, 12, 20-22], From a survey of the literature, the glass forming range of xLi2$ + 
(1-x) P2S5 system was expanded up to x = 0.8 by mechanical milling [12] while it was 
limited to compositions with x < 0.7 by melt quenching method [23]. In the same way, the 
mechanical milling method has been also performed in this work to prepare amorphous 
materials with high Li2S content in the Li2S + GeS2 + Ge02 system to determine if ionic 
conductivities greater than 10"4 S/cm could be observed in pelletized samples. 
The 0.7Li2S + 0.18GeSz + 0.12Ge02 composition (the glass that could be prepared by 
melt quenching with the highest Li2S content) was first prepared by mechanical milling to 
compare its conductivity with that of the corresponding melt quenched glass. Figure (5.5) 
shows the x-ray diffraction patterns of the mixtures of the 70 mol% of crystalline Li2S, 18 
mol% of glassy GeS2, and 12 mol% of crystalline Ge02 for increasing milling periods. 
Before milling, sharp diffraction peaks due to the Li2S and Ge02 phases are observed in the 
XRD of the powder mixtures (GeS2 being amorphous). The intensities of Li2S and Ge02 
crystal peaks are observed to decrease with increasing milling time. However, even after 
milling for 100 h, traces of crystalline Li2S and Ge02 are still observed. In the cases of other 
amorphous materials prepared by mechanical milling method such as 0.95(0.6Li2S + 0.4SiS2) 
+ 0.05LixMOy (M = Si, P, Ge) [11], Li2S + P2S5 [12, 21], Li2S + SiS2 [20], and 40Li3N + 
60SiS2 [22], the XRD peaks of the crystalline raw materials disappeared only after 
mechanical milling for 20 h. We found that the GeS2 glass was very sticky and the mixtures 
of Li2S, GeS2, and Ge02 adhered on the surface of the sample container during the milling 
period. This is might be the reason why the longer milling time is need to amorphorize the 
0.7Li2S + 0.18GeS2 + 0.12Ge02 composition. This stickness may arise due to the local 
melting of the glassy GeS2 starting materials. The other phases in our samples and all the 
phases for the other materials prepared by the other researchers were crystalline and as such 
would prone to sofetening process during milling. 
Hence, to minimize the milling time, the pre-reaction of the 0.7Li2S + 0.18GeS2 + 
0.12Ge02 composition by melting and slow cooling (~5 °C/min) to room temperature was 
performed to obtain a fully crystalline material. The prepared crystalline sample was then 
mechanically milled for increasing times and the XRD patterns of the resulting powders are 
shown in Fig. (5.6). After milling for 10 h, many of the observed peaks in the ceramic 
almost disappeared except the small peaks of crystalline Li2S. The intensity of these peaks is 
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much smaller than that of the Li2S peaks observed in the 0.7Li2S + 0.18GeS2 + 0.12Ge02 
prepared by milling for 100 h, which suggests that the milling time can be reduced 
dramatically by pre-reacting the compositions. However, the intensities of these observed 
peaks slowly decrease with further milling time and they are almost disappear after milling 
for 80 h. 
5.3.4 Ionic conductivity of mechanically milled glasses 
The ionic conductivity of the 0.7Li2S + 0.18GeS2 + 0.12Ge02 amorphous material 
prepared by mechanical milling is compared to that of melt quenched glass powder as shown 
in Fig. (5.4). The ionic conductivity of the pressed milled powder sample (1.01 x 10"5 S/cm) 
prepared by mechanical milling is lower than that of the pressed glass powder sample (2.40 x 
10"5 S/cm) prepared melt-quenching. This is caused by larger activation energy (0.47 eV) for 
the pressed milled powder sample than that (0.35 eV) of the pressed glass powder. Others 
have observed that the activation energy (ionic conductivity) strongly depends on the 
preparation method [19] and our results have argued with these previous observations. 
However, while the conductivities of the milled powder are lower than that of the melt-
quenched glass powder sample, this difference is not significantly big (by a factor of 2). 
Hence, the earlier pressing technique of mechanical milling and the ability to produce 
amorphous materials with a wide composition range, make it a comparable method to 
prepare solid electrolyte materials. 
For this reason, the synthesis of the GeS2-based glasses containing extremely high 
Li2S contents such as 0.8Li2S + 0.2GeS2, 0.7Li2S + 0.3GeS2, and 0.67Li2S + 0.33GeS2 which 
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could not be prepared by melt-quenching method were attempted using the mechanical 
milling method (Fig. 5.7) because the high Li+ ions content in these glasses are expected to 
produce the highest ionic conductivity. The addition of GeO% to these compositions is 
excluded from this investigation because there are expected to be no bridging sulfurs in these 
binary sulfide glasses so that the added oxygen would be expected to replace non-bridging 
sulfur to forms non-bridging oxygen which is strong Li+ ion trap and would be expected to 
decrease the conductivity. The mixture of 80 mol% of crystalline Li?S and 20 mol% of 
glassy GeSi was pre-reacted at 1000 °C and then mechanically milled for increasing time. 
Figure (5.7) shows that the XRD peaks of crystalline Li2S still appear after milling for 5Oh 
and their intensities don't decrease even after milling for 100 h. For the 0.7LizS + 0.3GeS2, 
0.67LiiS + 0.33GeSz, and 0.6Li%S + 0.4GeSi compositions, they become almost amorphous 
after 50 h milling, but small and broad XRD peaks are observed and don't disappear 
completely even after milling for 100 h. These peaks can be indexed to an orthorhombic 
structure of I^GeS# crystal [24]. 
In other binary sulfide systems such as Li2S + P2S5 [12] and U2S + Si$2 [20], complete 
amorphous phases were formed up to 60 and 75 mol% of U2S contents in the U2S + S1S2 
and Li2S + P2S5 systems, respectively, after 20 h mechanical milling. The further addition of 
Liz S was reported to form crystalline phases at this milling time. The highest conductivities 
were observed at the maximized glass forming ranges; ~ 2 x 10"4 S/cm for both 0.75Li%S + 
O.25P2S5 and 0.6Li2S + 0.4SiS2 amorphous materials [12, 20], and then they decreased in the 
higher Li2S content compositions containing both amorphous and crystalline phases. 
Compared to SiS2- and P2S$-based compositions, much longer milling time was required to 
amorphorize the yLi2S + (l-y)GeS2 compositions. This may be due to the sticky property of 
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GeS2-based materials so that they adhere to the sample holder or aggregate during milling. 
The ionic conductivity is maximized at y = 0.67 (3.4 x 10"5 S/cm) and decreased to 1.4 x 10 5 
S/cm and 8.3 x 10"6 S/cm at y = 0.7 and 0.8, respectively. For composition of x> 0.67, it 
would be expected that there would be left over unreacted Li2S in the milled powders no 
matter how long they were milled. This would give rise to the observed Li2S peaks in the 
XRD powder pattern. The observation in the conductivity at high x (0.7 and 0.8) is in 
agreement with the relatively poor conductivity of the pure Li2S crystalline phase. These 
ionic conductivities are almost one order of magnitude lower than that of 0.6Li2S + 0.4SiS2 
and 0.75Li2S + 0.25P2S5. 
Since the synthesis of high Li2S content GeS2-based amorphous materials by 
mechanical milling method seems to not be a suitable way to increase the ionic conductivity, 
many of other GeS2-based oxy-sulfide and sulfide glasses (prepared by melt-quenching 
method) were investigated in an effort to find the favorable compositions and structural units 
for high ionic conductivity. The prepared glass compositions and their conductivity of the 
pelletized samples are listed in Table 5.3. As expected, small additions of oxide improves 
the conductivity of the Li2S + GeS2 glass, but the conductivities of the pelletized samples 
were not observed to reach ~10"4 S/cm. 
5.4 Conclusions 
The bulk 0.7Li2S + 0.18GeS2 + 0.12Ge02 glass exhibited the best ionic conductivity, 
4.36 x 10"4 S/cm, in the Li2S + GeS2 + Ge02 system. However, this ionic conductivity 
decreased by almost one order of magnitude (2.40 x 10"5 S/cm) in the pelletized powder form, 
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which is actually used as the solid electrolyte in all-solid state lithium batteries. To search 
for better ionic conducting glasses in the GeSz-based composition, the mechanical milling 
method has been applied to prepare higher Liz S content amorphous materials which could 
not be prepared by melt-quenching method. Unlike SiSz- and PzSs-based sulfide glasses, the 
synthesis of the GeSz-based glasses required much longer milling time even though pre-
reaction of the compositions was found to dramatically reduce the milling time. In addition, 
completely amorphous phases could not been obtained even after milling for 100 h and the 
ionic conductivities didn't reach ~10"4 S/cm while ~2 x 10"4 S/cm was reported in 0.6LizS + 
0.4GeS2 and 0.75LizS + 0.25P2S5 glasses prepared by mechanical milling. Many of other 
GeSz-based glasses have been searched to find better ionic conducting glasses, but high ionic 
conductivity over ~10"4 S/cm could not be obtained. From the results of this research, it may 
not possible for the powdered GeSz-based glasses to have higher ionic conductivity over 104  
S/cm. 
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Table 5.1. The ionie conductivities at 25 °C, activation energies, and pre-exponential factors 
for xLiaS + (l-x)[0.6GeS2 + 0.4GeOz] bulk glasses. 
Sample 
No. Compositions 
Tg(°C) 
(±5) 
Od.c. (S/cm)( 25°C) 
(± 0.08) 
AEa (eV) 
(± 0.006) 
log o0 
(± 0.05) 
1 x = 0.3 317 2.64 x 10'* 0.482 2.69 
2 X il o
 
318 1.81 x lO'S 0.444 2.72 
3 x = 0.5 313 7.51 x lO'S 0.419 2.83 
4 x = 0.6 297 1.20 x 10^ 0.396 2.80 
5 X il ©
 
263 4.36 x 10^ 0.359 2.76 
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Table 5.2. The ionic conductivities of high Li2S content sulfide and oxy-sulfide glasses in the 
Li2S + GeS2 + GeO? system prepared by melt-quenching and mechanical milling methods. 
Li2S 
Compositions 
GeS2 GeOz 
Oz5"c (S/cm) 
(± 0.08) Sample type 
0.8 0.2 0.0 8.26 x 10"* Milled 100 h 
0.7 0.3 0.0 1.35 x 10'S Milled 100 h 
0.67 0.33 0.0 3.42 x 10'S Milled 50 h 
0.6 0.4 0.0 2.34 x 10'S Milled 50 h 
0.63 0.37 0.0 1.5 x 10^ * Thin film glass [19] 
0.6 0.4 0.0 9.2 x 10'S * Thin film glass [19] 
0.5 0.5 0.0 3.3 x 10'S * Thin film glass [19] 
0.5 0.5 0.0 5.9 x 10"* Glass powder 
0.7 0.18 0.12 4.36 x 10^ Bulk glass 
0.7 0.18 0.12 2.40 x 10'S Glass powder 
0.7 0.18 0.12 1.03 x 10'S Milled 80 h 
0.7 0.21 0.09 2.04 x 10'S Glass powder 
0.6 0.36 0.04 3.44 x 10^ Bulk glass 
0.6 0.36 0.04 1.05 x 10'S Glass powder 
0.6 0.32 0.08 3.62 x 10'S Glass powder 
0.6 0.28 0.12 1.75 x 10"S Glass powder 
0.5 0.45 0.05 2.23 x 10"* Bulk glass 
0.5 0.45 0.05 1.53 x 10'S Glass powder 
* Prepared by a twin roller rapid quenching method 
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Table 5.3. The ionie conductivities of the various GeSz-based sulfide and oxy-sulfide glasses 
(pelletized form) prepared by melt-quenching methods. 
Compositions o25"c (S/cm) (± 0.08) 
0.5LizS + O.SGeSz 5.90 x 10^ 
0.5Li2S + 0.45GeS2 + 0.05Ge02 1.53 x 10'S 
0.5Li2S + 0.45GeS2 + O.OSSiOz 1.90 x 10^ 
0.5Li2S + 0.45GeS2 + 0.05Ti02 3.15 x 10'S 
0.5Li2S + 0.45GeS2 + 0.05B203 9.40 x 10"* 
0.5Li2S + 0.45GeS2 + 0.05Zr02 2.27 x 10"S 
0.5Li2S + 0.45GeS2 + 0.05Hf02 2.15 x 10'^ 
0.5Li2S + 0.45GeS2 + O.O5V2O5 3.35 x 10-5 
0.5Li2S + 0.45GeS2 + O.O5Y2O3 1.75 x 10'S 
0.5Li2S + 0.45GeS2 + 0.05G&2S3 1.72 x 10'S 
O.5U2S + 0.45GeS2 + 0.05L&2S3 1.37 x 10^ 
0.5Li2S + 0.4GeS2 + 0.05Ga2S3 + O.OSI^Sg 1.96 x 10"5 
0.5LÎ2S + 0.4GeS2 + O.OSI^Ss + O.OSGeOz 2.34 x 10-5 
0.5Li2S + 0.4GeS2 + 0.05G&2S3 + 0.05L&2S3 + 0.05GeQ2 1.43 x 10'S 
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Figure 5.1. Glass forming region in the ternary diagram of Liz S + 6GeS2 + GeOz system 
prepared by melt-quenching method. 
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Figure 5.2. Nyquist plot of the complex impedance for the O.VLiaS + 0.3(0.6GeS2 + 
OAGeOa) bulk glass. The frequency increases for each point from right to left starting at 0.1 
Hz and at 10 MHz. 
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Figure 5.3. Variation of the ionic conductivity with temperature for xLi2S + (l-x)[0.6GeS2 + 
0.4Ge02) bulk glasses. 
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Figure 5.4. Variation of the d.c. ionic conductivity with temperature for the 0.7Li2S + 
0.3(0.6GeS2 + OAGeOa) bulk glass and compared to that of powdered glasses of the same 
composition prepared by melt-quenching and mechanical milling methods, respectively. The 
slopes of the Arrenius plots for the prepared glasses are different depending on the 
preparation method, which give different activation energies. 
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Figure 5.5. Powder XRD patterns of mixtures of crystalline Li2S and Ge02 and glassy GeS2 
powders which are mechanically milled for different periods of time. The broad peak at -15 
° is related to the amorphous sample holder. 
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6 GENERAL CONCLUSIONS 
Although lithium oxy-sulfide glasses have been considered as one of most suitable 
solid electrolytes for lithium batteries, their anomalous conductivity increase has not been 
clearly explained. Hence, this study was proposed to develop a better and more complete 
understanding of the anomalous conductivity increase in these oxy-sulfide glasses based on 
current knowledge ionic conductors and glass structure. 
The ionic conductivity actually increased by simply substituting oxygen for sulfur 
without adding any Li cations to the Li2S + GeS2 + GeO? oxy-sulfide glasses. Since the 
added complication of an increasing number of alkali cations is mitigated, the understanding 
of the conductivity increase was attempted on the basis of purely structural (mobility) 
changes to the glass. 
In Chapter 2, germanium oxy-sulfide GeSi + GeO? glasses were prepared and 
characterized. While the binary system does not have any dopant alkali sulfide and as such is 
not expected to exhibit any fast ion conductivity, it is the simplest composition in the ternary 
system Li2S + GeS2 + Ge02 and as such its examination provides for a better understanding 
of the more complex ternary glasses. The structural changes with the addition of Ge02 to the 
GeS2 glasses were systematically investigated using both Raman and IR spectroscopy. As 
evidenced by symmetric stretching modes of bridging Ge-S-Ge and Ge-O-Ge bonds, the 
germanium atoms was coordinated with both sulfur and oxygen atoms, resulting in the 
formation of mixed oxy-sulfide GeS3/20i/2, GeS2/202/2, and GeSi/203/2 structural units 
increasing Ge02 concentration into the GeS2 glass. 
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In Chapter 3, based on these germanium oxy-sulfide glasses, Li2S doped germanium 
oxy-sulfide glasses were synthesized and characterized for the investigation of their 
structures and thermal and physical properties. When LiiS was added to the 0.6GeS2 + 
0.4Ge02 glass which consists of GeS2/202/2 units, the Raman and IR spectra revealed that the 
added Li2S attacks the bridging sulfurs first and then the bridging oxygens, forming non-
bridging sulfurs and non-bridging oxygens, respectively. The Raman and IR spectra also 
showed that the bridging sulfurs were replaced first by oxygen atoms when Ge02 was added 
to the 0.5Li2S + 0.5GeS2 glasses comprised of germanium tetrahedra with two bridging and 
two non-bridging sulfurs. After replacing all of the bridging sulfurs, further additions of 
Ge02 leaded to the formation of non-bridging oxygens. All of these results suggested that 
the lithium ions favor the sulfur sites rather than the oxygen sites in ternary Li2S + GeS2 + 
Ge02 system. 
In Chapter 4, based on the structural studies of the Li2S + GeS2 + Ge02 glasses, the 
effect of added Ge02 on the conductivity and the relationship with local structural changes 
were studied. The addition of 5 mol% of Ge02 to the 0.5Li2S + 0.5GeS2 glass increased the 
ionic conductivity while decreasing the activation energy. Further addition of Ge02 
monotonically increased the activation energy and decreased the conductivity. The Anderson 
and Stuart model was used to explain a decrease in the activation energy when 5 mol% of 
Ge02 was added to the 0.5Li2S + 0.5GeS2 glass. A slightly increasing "doorway" radius in 
the strain energy term was proposed as cause of the decreasing activation energy, which 
results in increasing ionic conductivity. The estimated doorway radius from an analysis of 
the local structure of these glasses strongly supported the above hypotheses. 
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The major cause of the observed anomalous ionic conductivity increase in the oxy-
sulfide glasses was proposed in this study based on the GeS2-based oxy-sulfide glass system. 
However, the best ionic conductivity obtained in this system could not reach ~ 10"4 S/cm in 
the palletized powder form, which is actually used as the solid electrolyte in all-solid state 
lithium batteries. 
In Chapter 5, to search for better ionic conducting glasses in the GeS2-based 
composition, the mechanical milling method has been applied to prepare higher Li2S content 
amorphous materials which could not be prepared by melt-quenching method. Unlike SiS2-
and P2Ss-based sulfide glasses, completely amorphous phases could not been obtained even 
after milling for 100 h and the ionic conductivities didn't reach ~10-4 S/cm while ~2 x 10"4 
S/cm was reported in 0.6Li2S + 0.4GeS2 and 0.75Li2S + 0.25P2S5 glasses prepared by 
mechanical milling. Many of other GeS2-based glasses have been searched to find better 
ionic conducting glasses, but high ionic conductivity over ~10"4 S/cm could not be obtained. 
From the results of this research, it may not possible for the powdered GeS2-based glasses to 
have higher ionic conductivity over ÎO 4 S/cm. 
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8 APPENDIX A. Characteristics of electrodes 
Anode Materials 
Materials 
Atomic or 
Molecular 
weight (g) 
Standard reduction 
potential at 25 °C 
(V) 
Valence 
Charge 
Electrochemical 
equivalents 
(Ah/g) 
Li 6.94 -3.01 1 3.86 
Na 23.0 -2.71 1 1.16 
Mg 24.3 -2.38 2 2.20 
A1 26.9 -1.66 3 2.98 
Ca 40.1 -2.84 2 1.34 
Fe 55.8 -0.44 2 0.96 
Zn 65.4 -0.76 2 0.82 
Cd 112.4 -0.40 2 0.48 
Pb 207.2 -0.13 2 0.26 
(Li)C6 72.06 -2.8 1 0.37 
MH 116.2 -0.83 2 0.45 
CH30H 32.04 6 5.02 
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Cathode Materials 
Materials 
Atomic or 
Molecular 
weight (g) 
Standard reduction 
potential at 25 °C 
(V) 
Valence 
Charge 
Electrochemical 
equivalents 
(Ah/g) 
02 32.0 1.23 4 3.35 
C12 71.0 1.36 2 0.756 
S02 64.0 1 0.419 
Mn02 86.9 1.28 1 0.308 
NiOOH 91.7 0.49 1 0.292 
CuCl 99.0 0.14 1 0.270 
FeS2 119.9 4 0.89 
AgO 123.8 0.57 2 0.432 
Br2 159.8 1.07 2 0.335 
HgO 216.6 0.10 2 0.247 
Ag20 231.7 0.35 2 0.231 
Pb02 239.2 1.69 2 0.224 
LixCo02 98 2.7 0.5 0.137 
12 253.8 0.54 2 0.211 
D. Linden, T.B. Reddy, Handbook of Batteries, McGraw-Hill, New York, 2001. 
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9 APPENDIX B. Theoretical capacity of electrodes 
Theoretical capacity of electrode materials is determined by the following equation. 
Z = mole of lithium, 
F = Farad constant = 96500 C/mol = 26805.6 mAh/mol 
M = Molar weight of electrode material 
Ex. 1] C6 anode material (when containing maximum mole of lithium -> LiC6) 
c,„ <LiCt ) = lx(26^'6) =371.9 mAh/g 
72.066 
Ex. 2] Li metal anode material 
c„( L i )  =  l X ( f ™ 5 ' 6 )  =3861.9 mAh/g 
6.941 
Ex.3] Sn anode material (when containing maximum mole of lithium -> Li^Sn) 
C,„ (Li4ASn) = 4-4Xi(i286^5-6) = 993.6 mAh/g 
